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(57) Abstract: A bypass conduit and related 
methods include implanting a bypass in the 
heart between a heart chamber and an at least 
partially occluded artery to directly flow 
blood from the chamber to the artery. The 
bypass conduit is configured to have a higher 
resistance to blood flow in a first direction 
than in a second direction without any active 
flow control mechanism. The bypass conduit 
may have a first end defining a first opening 
and a second end defining a second opening 
and a wall extending between the two ends 
that defines a lumen extending between the 
two openings. The ends and the wall of 
the conduit are configured to have a higher 
resistance to blood flow in a first direction 
than in a second direction. A method of 
bypassing an at least partially occluded 
artery includes determining a resistance to 
blood flow of the artery at a location of an 
at least partial occlusion and selecting a 
conduit having a configuration based on 
the resistance to blood flow of the artery at 
the location of the at least partial occlusion. 
The method further includes implanting the 
conduit in a heart wall between the heart 
chamber and the artery downstream of the 
at least partially occlusion to directly flow 
blood between the chamber and the artery. 
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CONDUIT DESIGNS AND RELATED METHODS FOR OPTIMAL 

FLOW CONTROL 

CROSS REFERENCE TO RELATED APPLICATIONS 

This application claims the benefits of priority of provisional application 
Serial No. 60/153,205, filed September 10, 1999, the entire disclosure of 
which is hereby incorporated by reference herein. 

FIELD OF THE INVENTION 

This invention relates to an apparatus and method for implanting a 
conduit to allow communication of fluids from one portion of a patient's body 
to another. The invention more particularly relates to a blood flow conduit 
implanted in a heart to allow direct flow communication between a heart 
chamber and a vessel and/or between two vessels. Even more particularly, 
the invention relates to left ventricular conduit designs and configurations, and 
methods for optimizing conduit designs, for controlling the flow of blood 
through the conduit to achieve a direct bypass of an occluded coronary artery 
and for optimizing total blood flow through coronary arteries with variations in 
proximal occlusions. 

BACKGROUND OF THE INVENTION 

Coronary artery disease is a major problem in the U.S. and throughout 
the world. In fact, about 1.1 million "open heart" procedures are performed 
each year, and current estimates are that approximately 4.8 million people 
suffer from some degree of congestive heart failure. 

When coronary arteries or other blood vessels become clogged with 

plaque, the results are at the very least impairment of the efficiency of the 

/ 
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heart's pumping action. More severe results include heart attack and/or 
death. In some cases, clogged arteries can be unblocked through minimally 
invasive techniques such as balloon angioplasty. In more difficult cases, a 
surgical bypass of the blocked vessel is necessary. 

In a bypass operation, one or more arterial or venous segments are 
harvested from the body and then surgically inserted between the aorta and 
the coronary artery. The inserted vessel segments, or transplants, act as a 
bypass of the blocked portion of the coronary artery and thus provide for a 
free or unobstructed flow of blood to the heart. More than 500,000 bypass 
procedures are performed in the U.S. every year. 

Coronary artery bypass grafting (CABG) has been used for more than 
30 years. Initially, the saphenous vein (SV) served as the principal conduit for 
coronary bypass, but studies over the last dozen years have shown a 35-40% 
increase in 10-year patency rate or the internal thoracic artery (ITA) compared 
with SV. The SV, in fact, has only been shown to have a 1 0-year patency rate 
of 50%. Since the mid 1980's, not only the ITA, but also the alternative 
arterial conduits have been increasingly used. These conduits include the 
gastroepiploic artery (GEA), inferior epigastric artery (IEA), and radial artery 
(RA), which have been used primarily as supplements to both the right and 
left ITA. 

Although the use of arterial conduits results in demonstrably better 
long-term patency, use of arteries in place of the SV often requires complex 
technical challenges, such as free grafts, sequential anastomosis, and 
conduit-to-conduit-anastomosis. Some of the reasons for the difficulty in 
using arterial conduits reside in the fact that they are much more fragile than 
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the SV and therefore easier to damage, and due to their smaller size, easier 
to occlude completely or partially through technical error during grafting. 

Such coronary artery bypass surgery, however, is a very intrusive 
procedure that is expensive, time-consuming and traumatic to the patient. 
The operation requires an incision through the patient's sternum (sternotomy), 
and the patient being placed on a bypass pump so that the heart can be 

operated on while not beating. A vein graft is harvested from the patient's leg, 

i 

another highly invasive procedure, and a delicate surgical procedure is 
required to piece the bypass graft to the coronary artery (anastomosis). 
Hospital stays subsequent to the surgery and convalescence periods are 
prolonged. 

As mentioned above, another conventional treatment is percutaneous 
transluminal coronary angioplasty (PTCA) or other types of angioplasty. 
However, such vascular treatments are not always indicated due to the type 
or location of the blockage, or due to the risk of the emboli formation. 

One bypass technique employs a stent introduced through the 
myocardial wall from an adjacent coronary artery to provide a direct bypass 
conduit between the left ventricle and the adjacent coronary artery. In one 
embodiment, this technique includes the delivery of a transmyocardial bypass 
shunt in a collapsed, reduced-profile configuration, which requires radial 
expansion subsequent to delivery in a bore pre-formed in the myocardial wall. 
The stent may extend completely through the myocardium to establish a 
blood flow path or conduit directly from the left ventricle to a coronary artery, 
downstream of a vascular obstruction or occlusion in a proximal part of the 
artery. 
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The configurations of these direct bypass conduits, which can be in the 
form of stents or shunts, or other similar devices, have had promising results 
in performing as a direct blood flow path from the left ventricle to the coronary 
artery. However, there is a continuing need for improved bypass methods 
and conduits configured to control and optimize coronary blood flow, 
especially to prevent or hinder loss of blood in the artery due to backflow 
during diastole, and for conduits that are more precisely adapted to the level 
of arterial occlusion experienced by a particular patient. 

SUMMARY OF THE INVENTION 

The advantages and purpose of the invention will be set forth in part in 
the description which follows, and in part will be obvious from the description, 
or may be learned by practice of the invention. The advantages and purpose 
of the invention will be realized and attained by means of the elements and 
combinations particularly pointed out in the appended claims. 

An aspect of the present invention includes a bypass conduit for 
implantation in a heart to bypass an at least partially occluded artery. The 
bypass conduit includes a first end defining a first opening and a second end 
opposite the first end defining a second opening. A wall extends between the 
first and second ends and defines a lumen extending between the first and 
second openings. The ends and the wall of the conduit are configured such 
that the conduit has a greater resistance to blood flow in a first direction than 
in a second direction. 

Another aspect of the present invention includes a bypass conduit for 
implantation in a heart to bypass an at least partially occluded artery. The 
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bypass conduit includes a first end defining a first opening and a second end 
opposite the first end defining a second opening. A wall extends between the 
first and second ends and defines a lumen extending between the first and 
second openings. The conduit is configured to have a greater resistance to 
blood flow in a first direction than in a second direction without any active flow 
control mechanism. 

Yet another aspect of the invention includes a method of bypassing an 
at least partially occluded artery, comprising determining a resistance to bjood 
flow of the artery at a location of an at least partial occlusion and selecting a 
conduit having a configuration based on the resistance to flow of the artery at 
the location of the at least partial occlusion. The method further comprises 
implanting the conduit in a heart wall between a heart chamber and the artery 
downstream of the at least partial occlusion to directly flow blood between the 
chamber and the artery. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorporated in and constitute 
a part of this specification, illustrate embodiments of the invention and 
together with the description, serve to explain the principles of the invention. 

Fig. 1 is a schematic view of a heart showing the left and right coronary 
artery circulation; 

Fig. 2 is a schematic diagram of the lumped parameter model 
computer code, with emphasis on the coronary circulation, according to an 
aspect of the present invention; 
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Fig. 3 is a graph of the left ventricular and aortic pressures through one 
cardiac cycle, as computed by the model; 

Fig. 4a is a graph of capillary volume (dotted line) and venous volume 
(solid line) versus time, as obtained from the lumped parameter computer 
model of Fig. 2 according to an aspect of the invention; 

Fig. 4b is a graph of-capillary volume (dotted line) and venous volume 
(solid line) versus time obtained from previous computations; 

Fig. 5a is a graph of the flow to capillaries (dotted line) and the flow to 
veins (solid line) versus time, as obtained from the lumped parameter 
computer model of Fig. 2 according to an aspect of the invention; 

Fig. 5b is a graph of the flow to capillaries (dotted line) and the flow to 
veins (solid line) versus time, as obtained from previous computations; 

Fig. 6a is a graph of various hemodynamic parameters obtained from 
experiments performed in a dog with an occluded artery and a bypass conduit 
implanted in the heart wall to directly flow blood from the left ventricle to the 
artery; 

Fig. 6b is a graph showing the results obtained using the computer 
program to model the coronary circulation in a human having a totally 
occluded coronary artery with a bypass conduit implanted in the heart wall to 
directly flow blood from the left ventricle to the artery; 
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Fig. 7 is a graph showing the relation between the conduit resistance 
and the flow rate through the conduit when the coronary artery is totally 
occluded; 

Fig. 8a is a graph of the computed flow rate versus time for a relatively 
low value of compliance of the coronary artery according to an aspect of the 
invention; 

Fi0. 8b is a graph of the computed flow rate versus time for a relatively 
high value of compliance of the coronary artery according to an aspect of the 
invention; 

Fig. 9 is a graph of average flow rate versus conduit resistance for 
various stenotic resistances computed from the computer model according to 
an aspect of the invention; 

Fig. 10 is a graph of average flow rate versus conduit resistance ratio 
for various stenotic resistances computed from the computer model according 
to an aspect of the invention; 

Fig. 1 1 is a cross-sectional view of a choke conduit according to an 
aspect of the invention; 

Fig 12a is a graph of coronary flow rate versus inverse resistance ratio 
for a heart implanted with a choke conduit and having a coronary artery with a 
relatively low compliance as computed by the lumped parameter model 
according to an aspect of the invention; 
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Fig. 12b is a graph of coronary flow rate versus inverse resistance ratio 
for a heart implanted with a choke conduit and having a coronary artery with a 
relatively high compliance as computed by the lumped parameter model 
according to an aspect of the invention; 

Fig. 13 is a schematic diagram of the geometry and boundary 
conditions used to perform a fluid dynamic analysis of a conduit according to 
an aspect of the invention; 

Fig. 14a is a perspective view of a mesh model of a conduit used for a 
fluid dynamic analysis according to an aspect of the invention; 

Fig. 14b is a perspective view of a mesh model of a conduit used for a 
fluid dynamic analysis according to another aspect of the invention; 

Fig. 15a is a vector velocity plot of the fluid dynamic analysis performed 
for the conduit shown in Fig. 14a; 

Fig. 1 5b is a vector velocity plot of the fluid dynamic analysis performed 
for the conduit shown in Fig. 14b; 

Fig. 1 6a is a cross-sectional view of a conduit having an asymmetrical 
flow resistance with a backward flow resistance greater than a forward flow 
resistance according to an aspect of the invention; 

Fig. 16b is a cross-sectional view of a conduit having a symmetrical 
flow resistance of approximately 1 .147 PRU according to an aspect of the 
invention; 

$ 
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Fig. 16c is a cross-sectional view of a conduit having a funnel 
configuration which was used in experiments according to an aspect of the 
invention; 

Fig. 17a is a cross-sectional view of a 90 degree entry experimental 
setup for testing conduits according to an aspect of the invention; 

Fig. 17b is a cross-sectional view of a 30 degree entry experimental 
setup for testing conduits according to an aspect of the invention; 

Fig. 17c is a cross-sectional view of a stent only experimental setup for 
testing conduits according to an aspect of the invention; 

Fig. 18a is a graph of experimental results of flow versus pressure 
corresponding to experiments using the conduit of Fig. 16a; 

Fig. 18b is a graph of experimental results of flow versus pressure 
corresponding to experiments using the conduit of Fig. 1 6b; 

Fig. 1 8c is a graph of experimental results of flow versus pressure 
corresponding to experiments using the conduit of Fig. 1 6c; 

Fig. 19 is a table containing various experimental results of flow 
resistance ratios for the conduits and setups of Figs. 16a-16c and 17a-17c, 
respectively; 

Fig. 20 is a cross-sectional view of an embodiment of a conduit having 
an asymmetrical flow resistance with the backward resistance higher than the 
forward resistance according to an aspect of the invention; 
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Fig. 21 is a cross-sectional view of another embodiment of a conduit 
having an asymmetrical flow resistance with the backward resistance higher 
than the forward resistance according to an aspect of the invention; 

Fig. 22 is a cross-sectional view of yet another embodiment of a 
conduit having an asymmetrical flow resistance with the backward resistance 
higher than the forward resistance according to an aspect of the invention; 

Fig. 23 is a cross-sectional view of an embodiment of a conduit having 
an asymmetrical flow resistance with the backward resistance higher than the 
forward resistance according to an aspect of the invention; 

Fig. 24 is a cross-sectional view of another embodiment of a conduit 
having an asymmetrical flow resistance with the backward resistance higher 
than the forward resistance according to an aspect of the invention; 

Fig. 25 is a cross-sectional view of an embodiment of a conduit having 
an asymmetrical flow resistance with the backward resistance higher than the 
forward resistance according to an aspect of the invention; 

Fig. 26 is a cross-sectional view of yet another embodiment of a 
conduit having an asymmetrical flow resistance with the backward resistance 
higher than the forward resistance according to an aspect of the invention; 
and 

Fig. 27 is a table of results and parameters of experiments in dogs 
using different bypass conduit configurations. 
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DETAILED DESCRIPTION OF THE INVENTION 

Through various aspects of the present invention, it has been 
determined that for some levels of coronary occlusion, a conduit having an 
asymmetrical flow resistance may be necessary in order to provide a 
beneficial blood flow through the artery. As used herein, an asymmetrical flow 
resistance means that the resistance to flow through the conduit in one 
direction. is different than the resistance to flow through the conduit in the 
opposite direction, and symmetrical flow resistance means that the resistance 
to flow through the conduit is the same in both directions. In the cases where 
a coronary artery is completely occluded, it has been found that a conduit 
having a symmetrical flow resistance produces an increase in mean blood 
flow through the coronary artery. The blood flow through the coronary artery 
decreases as the symmetrical flow resistance increases. On the other hand, 
in certain cases where the coronary artery is not totally occluded, as will be 
explained, a conduit having a symmetrical flow resistance may not improve 
the amount of blood flow through the coronary artery that is already able to 
- — pass-through-the-partial-oeelusion r and thus-will provide no benefit to a 
patient. Although conduits that resist flow more strongly in the direction from 
the coronary artery to the left ventricle are desirable for any level of arterial 
stenosis, including totally occluded, in certain cases of partial occlusions, it is 
preferred that the implanted conduit have a high enough asymmetrical flow 
resistance in order to transition from a non-beneficial situation (i.e., the 
implanted conduit results in less total coronary flow than would be 
experienced without the conduit) to a beneficial one (i.e., the implanted 
conduit increases total coronary flow to more than it would be without a 
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conduit). In other words, a conduit that allows or more easily permits forward 
systolic flow from the left ventricle to the artery but prevents or hinders 
diastolic backflow from the artery to the ventricle is desired, and in certain 
cases of stenosed arteries there exists a preferred, threshold target ratio of 
resistance of diastolic backflow to the resistance of systolic forward flow in 
order to achieve beneficial results in total coronary flow when the direct 
bypass conduit is implanted in the heart. 

Furthermore, it is desirable to provide such a conduit having an 
asymmetrical flow resistance without the use of valves or other mechanical or 
moving parts due to the small dimensions of the conduits and corresponding 
valve and other mechanical flow control mechanisms. Such active movable 
or other articulating devices may be complicated and/or expensive to 
manufacture, particularly on the small scales required in contexts such as 
passing blood directly from the left ventricle to the coronary artery, for 
example. Also, an increased risk of thrombosis may result from irregular 
surfaces associated with such valves and other mechanical flow control 
mechanisms. Thus, in designing conduits to optimize fluid or blood flow 
through them, the design or configuration of conduits according to the 
invention preferably is such that the conduit automatically, or passively, 
achieves flow control without microvalves, check valves, or other active or 
movable devices and parts. Such passive flow control devices can be 
designed into the geometry, configuration, or other characteristics, including 
implantation geometry and the like, of the conduit such that flow is biased in 
one direction. Thus, flow within and/or completely through the conduit may 
occur in either direction (whether simultaneously or severally), but net or 
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mean flow in the desired direction can be maximized by maximizing flow in 
that direction and/or minimizing flow in the opposite direction. Passive flow 
control devices may comprise various conduit configurations, as will be 
explained in more detail with reference to Figs. 16a and 20-26, such as, for 
example, tapers in the lumen or a changing inner diameter of the conduit, 
tapers and/or radii of curvature at the openings of the conduit, the angle of 
insertion of the conduit with respect to the axis of the coronary artery, and 
other similar conduit design characteristics or implantation characteristics. 

Thus, in certain embodiments according to the present invention, flow 
control is achieved by maximizing flow through the conduit in one direction, 
preferably from the left ventricle to the coronary artery, and minimizing flow 
through the conduit in the opposite direction, preferably from the coronary 
artery to the left ventricle. Since the flow rate is a function of friction, drag, 
turbulence, and other fluid dynamic parameters, it is convenient for the 
purposes of this application to discuss flow rate through the conduit in terms 
of resistance of the conduit to such flow. In other words, in certain 
em bodiment s of the bypass conduits a cco rding to the present invention, it is 
preferred to have a low conduit resistance in the forward direction from the left 
ventricle to the coronary artery (also called the systolic flow resistance), and a 
higher resistance in the backward direction from the coronary artery to the left 
ventricle (also called the diastolic flow resistance). 

As mentioned above and explained in more detail shortly, computer 
simulation and experimentation has shown that the characteristics producing 
optimized flow rate in the coronary artery may depend on the degree of 



WO 01/17456 PCT/US00/24799 

occlusion in the artery. Thus, preferably the conduit design or implantation 
configuration should be selected in each case such that flow rate through the 
conduit is controlled to enhance total coronary flow, thereby enhancing 
perfusion of the heart tissues. It has been determined that, where a proximal 
occlusion is only partial, the total flow rate in the distal coronary artery may or 
may not be increased by the placement of a conduit. If the conduit resistance 
is symmetric, i.e., the same in both the forward and backward directions, total 
flow may actually decrease when a bypass conduit is implanted in the heart 
wall due to a relatively high diastolic backflow through the conduit from the 
coronary artery to the left ventricle. In such cases, a patient may not benefit 
from placement of the bypass conduit. If the conduit resistance is 
asymmetrical, however, such that diastolic flow resistance is higher than 
systolic flow resistance, the total distal coronary flow may increase in such 
cases. The increase in total flow may be large enough such that for levels of 
occlusion for which placement of a conduit having symmetrical resistance are 
detrimental, the placement of a conduit having an asymmetrical flow 
resistance may produce a benefit to the patient due to an overall increase in 
total coronary flow. Moreover, computer simulations have shown that 
conduits designed to have an asymmetrical flow resistance ratio of backward 
resistance to forward resistance of approximately 2 produce beneficial results 
in flow through certain degrees of partially occluded arteries. Experimental 
results have shown that conduits can be designed to passively achieve 
asymmetrical flow resistance ratios near a value of 2. 
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Computer Simulation 

An aspect of the present invention relates to a computer model 
designed to simulate the physiological system dynamics of the cardiovascular 
system, including simulating the system dynamics of a cardiovascular system 
in which g coronary bypass conduit with various characteristics has been 
implanted in the heart wall to directly flow blood from the left ventricle to the 
coronary artery. The computer model can thus be used to predict the 
hemodynamic effects of a bypass using various types of conduits having 
different characteristics according to the invention. Moreover, as will be 
explained, by performing parametric studies utilizing the computer model, it 
has been determined that modifying conduit designs and characteristics 
depending on the degree of occlusion of the artery optimizes blood flow 
through the coronary artery. 

Fig. 1 shows a schematic of a heart H with blood flowing up through 
the aortic valve AV (as indicated by the arrow) into the right coronary artery 
RCA and the left coronary artery LCA. As shown in Fig. 1, the blood travels 
into various branches of the coronary arteries and ultimately feeds the heart 
wall muscle. Thus, when an artery becomes occluded, blood is prevented or 
hindered from flowing through the artery to the heart wall muscle, which 
receives almost its entire nutritive blood supply from the arteries. 

As shown in Fig. 2, the computer code of the present invention is 
based on a lumped parameter model of the total cardiovascular circulation, 
with emphasis on the coronary circulation. Essentially, the model according 
to the invention inserts the coronary circulation and bypass circulation into an 
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existing model of the cardiovascular system, previously developed by Davis. 
See Davis, T.D. "Teaching physiology through interactive simulation of 
hemodynamics," MIT M.S. Thesis, Cambridge, MA 1991. the complete 
disclosure of which is incorporated herein by reference. The existing model 
includes arterial, venous, and pulmonary circulations and simulates 
autoregulation functions such as the baroreceptor reflex for short term control 
of blood pressure and the cardiopulmonary reflex for control of blood volume. 
One reason for implementing the coronary circulation in a complete 
cardiovascular (CV) model is that the baroreflex and cardiopulmonary reflex 
can be utilized to examine a variety of realistic conditions that might be 
experienced by patients after coronary bypass surgery. In addition, it permits 
the study of how the surgically altered system will perform in conjunction with 
the rest of the circulation. 

Kirchoff s Equation is applied to each of the nodes of the lumped 
parameter model shown in Fig. 2, which yields a matrix equation in the form: 

dp/dt = Ap + b 

where p represents the vector of compartmental pressures, A represents the 
time constants for exchange between compartments, and b is the input to the 
system. Detailed expressions of the model equations and the meaning of the 
various expressions used in these equations can be found in Appendix A. 
From the description of the computer model herein, including the model 
shown in Fig. 2, the expressions of the computational procedure of Appendix 
A, and their corresponding written descriptions, one skilled in the art of 
computer modeling and/or programming can devise the appropriate software 
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and/or code to perform the computer simulation according to the present 
invention. 

In Fig. 2, diodes are used to ensure unidirectional flow. Each 
compartment, or volume adapted to contain or flow blood, is characterized by 
an inflow resistance R ( measured in peripheral resistance units (PRU) with a 
unit of mmHg-s/ml, a compliance C, which is the change in volume associated 
with a given change in pressure and essentially is a measure of the flexibility 
of the compartment, with a unit of ml/mmHg, a volume at zero transmural 
pressure V 0 (zero pressure filling volume, ZPFV) with a unit of ml, and an 
outflow resistance R 0 , again measured in PRU. Transmural pressure across 
the pulmonary capacitance varies according to intra-thoracic pressure. As 
can be seen, the model also includes different flow resistance values, Rf 0r and 
Rback, according to flow direction for the conduit or shunt. Actually, even for 
an implanted conduit in the form of a straight tube with a constant inner 
diameter (i.e., a symmetrical resistance conduit), the resistance in case of 
forward direction (from the left ventricle to the coronary artery) and the 
backward direction (from the coronary artery to the left ventricle) may not be 
exactly equal. However, the forward and backward resistances are assumed 
to be equal in the case of such a symmetrical resistance conduit for the 
purposes of the experiments and studies presented herein. The various 
parameter values for each node, along with the source from which some of 
the values were determined, can be found in Appendix B. "Davis, 1991" 
refers to Davis, T.D., "Teaching physiology through interactive simulation of 
hemodynamics," MIT M.S. Thesis, Cambridge, MA 1991. "Ursino, 1998" 
refers to Ursino, M., "Interaction between carotid baroregulation and the 
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pulsating heart: a mathematical model," Am. J. PhysioL, 275, H1733-H1747, 
1998. "Schreiner, 1989" refers to Schreiner, W. f et al., "Simulation of 
coronary circulation with special regard to the venous bed and coronary sinus 
occlusion," J. Biomed. Eng., 12, 429-443. 

Because the blood flow through the coronary circulation is relatively 
small in comparison to the total circulation of blood through the system, the 
coronary circulation has a relatively minor effect on the overall circulation. In 
contrast, the aortic and left ventricular pressures determined from the overall 
circulation become one of the main inputs into the coronary circulation portion 
of the model. Fig. 3 illustrates the left ventricular and aortic pressures through 
one cardialc cycle, as computed by the model. The portion of the left ventricle 
pressure forming the peak (from about 39 seconds to 39.2 seconds in the 
figure) corresponds essentially to systole. 

Figs. 4a -6b show a comparison of results obtained from the present 
computer model with results obtained from previous computations and 
experiments. Fig. 4a is a graph of capillary volume (dotted line) and venous 
volume (solid line) versus time, as obtained from the lumped parameter 
computer model, and Fig. 4b is a graph of capillary volume (dotted line) and 
venous volume (solid line) versus time obtained from previous computations. 
Fig. 5a is a graph of the flow to capillaries (dotted line) and the flow to veins 
(solid line) versus time, as obtained from the lumped parameter computer 
model, and Fig. 5b is a graph of the flow to capillaries (dotted line) and the 
flow to veins (solid line) versus time, as obtained from previous computations. 
The results shown in the graphs corresponding to the previous computations 
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were obtained from Schreiner, W. et al., "Simulation of coronary circulation 
with special regard to the venous bed and coronary sinus occlusion," J. 
Biomed. Eng., 12, pp. 429-43 (1990). The time periods shown in these 
figures correspond to the cardiac cycle period shown in Fig. 3. Moreover, the 
results shown in Figs. 4a-5b correspond to the simulation and computation of 
coronary circulation in a normal state, that is, without occlusions and without a 
bypass conduit directly inserted in the heart wall (R s t = 0 and R S h = °°). Thus, 
these results serve as a verification of the computer model when used for 
modeling the flow in a normal state. 

As can be seen in Figs. 5a and 5b, during systole the flow rate to the 
coronary capillaries decreases due to the increased resistance resulting from 
the contraction of myocardial muscle, whereas flow through the coronary 
veins increases due to compression of the capillaries and small veins. The 
change of capillary and venous volume, as shown in Figs. 4a and 4b, varies in 
a manner similar to the flow rate variations shown in Figs. 5a and 5b. In the 
present simulations, however, peak systolic pressure is not sustained for as 
long a time period as in the previous computations. This results in a relatively 
narrower band of reduced capillary flow rate, as shown in Fig. 5b. 

To further verify the computer model, the coronary flow and conduit, or 
shunt, flow were simulated for a human having a totally occluded left anterior 
descending coronary artery with a bypass conduit implanted in the heart wall 
to directly flow blood from the left ventricle to the coronary artery. The bypass 
conduit modeled was a constant diameter tube having an asymmetrical flow 
resistance of 1 .147 PRU. The simulated results were compared to 
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experimental results in a dog with a totally occluded artery and a bypass 
conduit having a symmetrical flow resistance of approximately 1.147 PRU 
implanted in the heart and configured to directly flow blood from the left 
ventricle to the artery. 

Fig. 6a is a graph of various hemodynamic parameters obtained from 
experiments performed in a dog with a totally occluded coronary artery and a 
bypass conduit in the form of a tube of constant inner diameter with a 
symmetrical flow resistance implanted in the heart wall at an entry angle in the 
coronary artery of 90° and configured to directly flow blood from the left 
ventricle to the coronary artery The flow rate through the shunt is represented 
by the line corresponding to Q S h and the flow rate through the occluded 
coronary artery is represented by the line corresponding to 

Fig. 6b is a graph showing the results obtained using the computer 
program to model the coronary circulation in a human having a totally 
occluded coronary artery with a bypass conduit having a symmetrical flow 
resistance (i.e., simulating the constant diameter conduit used in the 
experiments) implanted in the heart wall to directly flow blood from the left 
ventricle to the coronary artery, as described above. To model a totally 
occluded artery, the value of R s t is set to infinity. The results shown in Fig. 6b 
are the flow rate through the shunt (Q sh ) and the flow rate through the artery 
(Qiad). As can be seen in both the results obtained from experiment and from 
the computer simulation, a large back flow, shown by the negative flow rate 
through the coronary artery and a smaller negative flow rate through the 
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shunt, occurs during diastole due to the corresponding decreased pressure in 
the left ventricle. 



After verifying the accuracy of the computer model, as shown in Figs. 
4a-6b, the model was used to perform a series of parametric studies 
simulating the effects on the coronary circulation of bypass procedures by 
varying conduit characteristics and level of occlusion in the coronary artery. A 
portion of the parametric study focused on assuming a conduit or shunt 
resistance R S h independent of the direction of flow through the conduit, i.e., a 
symmetrical resistance. The Poiseuille flow assumption was used to first 
obtain a reference value of the conduit, or shunt, resistance for a conduit 
having a diameter of 2 mm and a length of 2 cm. Under this assumption, the 
flow rate in the conduit is given by the following expression: 

xtfAP _ AP 
Q= 128/zL = r2 

where Q is the flow rate in the conduit, and D, AP, and p. represent diameter, 
—pressure drop-through-the-conduit-lengthr and fluid viscosity r respectively. 
From the relation above, the expression for the conduit, or shunt, resistance 
thus becomes 

„ _ 128/4- 

Using the length and diameter of a typical shunt discussed above and a fluid 
viscosity of 0.03 kg/m-s, which represents blood, the calculated conduit 

resistance is approximately 1.147 PRU. 
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To establish the relation between the conduit resistance and the flow 
rate through the conduit when the coronary artery is totally occluded, a 
preliminary computation was made and the results are shown in Fig. 7. 
Before performing these simulations, the values for the coronary artery 
resistances, Rcoa (coronary arterioles resistance) and Rcoc (coronary 
capillaries resistance), were determined. To determine these flow resistance 
values, a normal resting total coronary flow of 1 ml/sec is assumed, 
representing flow through an unoccluded, non-bypassed left anterior 
descending artery (LAD). However, as the location of the implanted bypass 
conduit generally will be placed approximately 2/3 of the way down the LAD, it 
is assumed that the total coronary flow will be 2/3 times the normal flow given 
above. Thus, the baseline flow rate used to determine Rcoa and Rcoc is 0.667 
ml/sec, again representing the flow through an unoccluded, non-bypassed 
artery at a point approximately 2/3 of the way down the vessel. The Rcoa and 
Rcoc values were first altered until this baseline flow rate of 0.667 ml/sec was 
achieved in an unoccluded LAD, i.e., the stenotic resistance equal to zero. 
Both resistance values were then increased five-fold to reflect a maximally- 
dilated state of the peripheral vascular bed in patients with chronic, moderate 
to severe obstructions so that the maximal flow, with no occlusion and no 
bypass conduit implanted, would be 3.3 ml/sec. The values were determined, 
after several trials, to be Rcoa = 1 6.5 and Rco C = 1 .65. These values were 
used throughout the computer simulations. 

The model was then run to simulate the flow in a totally occluded artery 
having a symmetrical resistance bypass conduit implanted. As the results in 

Fig. 7 are for a totally occluded artery, the flow rate shown in the figure 
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represents both the flow through the shunt and the flow in the artery distal the 
occlusion. Fig. 7 shows that the calculated flow rate having a symmetrical 
flow resistance and implanted in a totally occluded artery decreases as the 
conduit resistance increases. Thus, as the resistance of the conduit 
approaches infinity, essentially representing a situation in which no conduit is 
implanted, the flow rate through the artery approaches zero. This result 
makes sense since there is no blood flow through the total occlusion and also 
no blood flow through the conduit. 

Figs. 8a and 8b show results of the computer simulated flow rate for a 
lower value (Cooa = 0.005) and a higher value (Ccoa = 0.05) of compliance of 
the coronary artery. The results obtained by altering the compliance of the 
artery show that while the peak positive and negative flow rates 
corresponding to the higher compliance are larger than that of those 
corresponding to the lower compliance value, the net flow rate during one 
cardiac cycle does not show significant differences between the two cases. 

Next, the conduit flow resistance was varied and the model was run to 
explore the effect on total flow in the artery. The shunt resistances were 
varied for various values of stenotic resistances, as shown in Fig. 9. The first 
extreme stenotic resistance value simulated, R s t = 45 PRU, corresponds to a 
relatively low grade stenosed artery. The second extreme stenotic resistance 
value simulated, R st = oo, corresponds to a totally occluded artery. As can be 
seen in Fig. 9, as the symmetrical resistance of the bypass conduit increases 
for a totally occluded artery, the flow rate through the coronary artery distal to 
the occlusion decreases. On the other hand, for a stenosed artery with a 
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resistance value of 45 PRU, as the symmetrical resistance of the bypass 
conduit increases, the distal flow rate through the coronary artery also 
increases, essentially reaching an asymptote at a value of slightly over 1 
ml/sec as the conduit resistance approaches infinity. Thus, through the use of 
the model, it has been determined that while a bypass conduit having a 
symmetrical flow resistance may increase the distal flow rate in a totally 
occluded artery," it does not help the distal flow rate in the artery for certain 
degrees of partial occlusion. That is, any increase in flow through the artery 
that occurs during systole as a result of the bypass conduit is not enough to 
increase the total coronary flow because of the loss of flow through the 
bypass conduit that occurs during diastole. 

The results of the computer model shown in Fig. 9 also show another 
important discovery. At a critical stenosis resistance value of approximately 
76 PRU the flow rate appears to remain substantially constant regardless of 
the conduit resistance. Overall, then, for stenotic resistances higher than the 
critical value, it may be desirable to implant the bypass conduit having a 
symmetrical resistance. However, for stenotic resistances lower than the 
critical value, implanting a bypass conduit having a symmetrical flow 
resistance may lower the total flow through the artery and thus may not be 
desirable. In other words, there may exist different optimal conduit 
configurations, yielding different and asymmetrical conduit resistances and 
ratios of resistance to backflow to resistance to forward flow greater than 1 , 
according to whether the proximal coronary artery is totally occluded or 
partially occluded. It should be noted that using Poiseuille's equation, a 
resistance of 45 PRU represents approximately a 74% diameter reduction, 76 
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PRU represents approximately a 77% reduction, and 100 PRU represents 
approximately a 79% reduction, based on estimated diameters of the 
coronary artery corresponding to the location of the occlusion. The typical 
average diameter of an unoccluded left anterior descending coronary artery is 
approximately 3 mm. 

Yet another parametric study using the lumped parameter computer 
model included simulating the distal coronary artery flow for bypass shunts 
having various flow resistance ratios, i.e., a ratio of the resistance to backflow 
to the resistance of forward flow. In this portion of the study, the forward and 
backward resistances of the conduits were varied for different levels of 
stenotic resistance with a goal of obtaining normal blood flow through the 
LAD, which is about 1 ml/sec at rest. That is, the conduits modeled for this 
parametric study included shunts having asymmetrical flow resistances such 
that the diastolic flow resistance (i.e., in the direction from the coronary artery 
to the left ventricle) was higher than the systolic flow resistance (i.e., in the 
direction from the left ventricle to the coronary artery). These types of devices 
are referred to throughout this application as choke devices, and can be in the 
form of a conduit, shunt, or stent, or the like. An example of such a choke 
conduit is shown in Fig. 1 1 , where the shunt has a tapered shape from a 
relatively small diameter opening in flow communication with the left ventricle 
to a relatively larger diameter opening in flow communication with the 
coronary artery distal the occlusion. 

As in the parametric study shown in Fig. 9, the coronary blood flow for 
the case of bypass conduits having asymmetrical flow resistances also was 
simulated for stenotic resistances in PRU of 45, 76, 100, and oo, respectively. 
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The results of the simulation are shown in Fig. 10. As can be seen from the 
graph, as stenotic resistance decreases, the flow rate increases. Moreover, 
for each stenotic resistance value simulated, as the ratio of backward to 
forward resistance increases, the mean flow rate increases. However, the 
incremental increase in flow rate is less as the resistance ratio increases. As 
also can be seen from the graph shown in Fig. 10, for a partially occluded 
~ "artery with a stenotic resistance of 45 PRU, a bypass conduit having a 
resistance ratio of approximately 2 yields a flow rate of about 1 ml/sec, which, 
as discussed above, represents about the normal flow rate through a non- 
occluded, non-bypassed artery. Furthermore, for each value of stenotic 
resistance, there exists a value of the ratio of backward to forward conduit 
resistance above which the flow exceeds that which would be obtained 
without implanting a bypass conduit. The maximum mean flow, however, is 
generally always achieved with the largest values of the resistance ratio. 
Thus, in designing a conduit to optimize blood flow through the artery, for 
certain degrees of occlusion, it is desirable to implant a conduit having a 
resistance ratio of backward to forward flow as large as possible. 

Figs. 12a and 12b show the effect of the compliance of the coronary 
artery on the choke conduit simulation. In Fig. 12a, the lower compliance, 
i.e., capacitance (Ccoa = 0.005 ml/mmHg) results are shown and in Fig. 12b, 
the higher compliance, i.e., capacitance (Ccoa = 0.05 ml/mmHg) results are 
shown. In the graphs in Figs. 12a and 12b, the resistance ratio plotted is the 
inverse of that in Fig 10, that is, the ratio of forward flow resistance to 
backward flow resistance. However, the conduits modeled in this study are 
the same as those in Fig. 10 in that the resistance to backward flow is higher 
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than the resistance to forward flow. The results of the simulation in Figs. 12a 
and 1 2b show that as the compliance, or capacitance, of the artery increases, 
the flow rate in the artery is higher than for a lower compliance of the artery at 
the same bypass conduit resistance ratio. Also, the gradient of the flow rate 
increase is steeper for the case of higher compliance than for the case of 
lower compliance. Thus, to the extent that compliance can be controlled, 
some additional^ainsln coronary flow may be achieved by increasing the 
compliance. 

In addition to performing parametric studies using the lumped parameter 
computer model, a three-dimensional fluid dynamic computation analysis for a 
bypass conduit design similar to that shown in Fig. 1 1 was performed. The 
purpose of this fluid dynamic analysis was to examine the influence of 
geometry of the device to optimize total coronary perfusion. The simulation 
was performed using a commercially available finite element package, ADINA 
(Automatic Dynamics Incremental Nonlinear Analysis). A mixed 
displacement/pressure-based finite element formulation was used to solve the 
governing fluid dynamic equations. For the boundary condition, the simulation 
results from the lumped parameter model of the coronary circulation with the 
artery totally blocked were used. The time-varying pressures and flow rates 
at the left ventricle obtained from the lumped parameter model simulation 
were applied to the bypass conduit inlet boundary. The governing equations 
used for the fluid dynamic analysis are the Navier-Stokes equations for 
viscous incompressible flow obtained from the principles of conservation of 
mass and momentum. 
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As mentioned above, a three-dimensional model (as shown, for 
example, in Figs. 14a and 14b) was used to simulate blood flow in the 
coronary bypass conduit. Two implant angles, 30° and 90°, as measured with 
respect to the direction of blood flow in the coronary artery, were modeled. 
Each conduit included a tapered configuration from a relatively small diameter 
in flow communication with the left ventricle to a relatively larger diameter in 
floWomm^ arteryrAs explained above, this 

tapered configuration forms a choke conduit having an asymmetrical flow 
resistance. The detailed geometry and boundary conditions are illustrated 
schematically in Fig. 13. The fluid modeled was blood having a viscosity of 
0.003 kg/(m-s) and a density of 1000 kg/m 3 . For the boundaries E-F and B-C, 
the time-dependent pressure boundary conditions derived from the system 
simulation of the coronary circulation were imposed. In obtaining the 
boundary conditions from the lumped parameter model simulation, an infinite 
value for the stenotic resistance was used. 

The surface mesh of the bypass conduits used for the fluid dynamic 
analysis are shown in Figs. 14a and 14b. Fig. 14a shows the bypass conduit 
angled at 90° to the direction of blood flow in the coronary artery, while Fig. 
14b shows the bypass conduit angled at 30° to the direction of blood flow in 
the coronary artery and angled to direct the blood downstream of the 
occlusion. The results of the fluid dynamic analysis are shown in the velocity 
vector plots of Figs. 15a and 15b. These results correspond to a point in the 
cardiac cycle when left ventricle reaches approximately its peak pressure and 
correspond to each of the bypass shunt geometries shown in Figs. 14a and 
14b, respectively. For the 90° case shown in Fig. 15a, a strong recirculating 
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region near the intersection of the conduit with the coronary artery results 
from the separation of blood flow from the wall. On the other hand, for the 30° 
case shown in Fig. 15b, there is no separation except in the region 
corresponding to the location of the occlusion. Since recirculating regions or 
regions of low shear stress are often associated with thrombus or clot 
formation, the smaller angle would be beneficial in preventing occlusion of the 
— shunt.- — 



Experiments with Various Bypass Conduit Configurations 

As the simulation of coronary blood flow using the lumped parameter 
model indicates, to optimize total coronary artery flow for certain levels of 
partially occluded arteries, it is preferable to implant a bypass conduit having 
an asymmetrical flow resistance. That is, the preferred bypass conduit in 
these cases of stenosed arteries will have a greater resistance to diastolic 
flow through the conduit from the coronary artery to the left ventricle than to 
systolic flow through the conduit from the left ventricle to the coronary artery. 
It is desirable, according to an aspect of the invention, that the bypass 
conduits having such asymmetrical flow resistances do not require the use of 
valves and other mechanical flow control mechanisms. Rather, it is preferable 
to obtain such asymmetrical flow resistances through the use of passive flow 
control mechanisms such as the geometrical configuration of the conduit, the 
geometry of the implant of the conduit, and other like characteristics. 

To determine whether the geometries and design characteristics of 

various conduits could produce the desired asymmetrical flow resistances, a 
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series of experiments were conducted using various conduit flow path 
configurations and implant configurations. The experiments included testing 
the various conduit configurations shown in Fig. 16a-16c. The conduit 
configuration shown in Fig. 16a includes a smaller diameter opening in flow 
communication with the left ventricle and a larger diameter opening in flow 
communication with the coronary artery. Tests were conducted on a conduit 
according to the configuration Figrl 6a with smaller diameters of 0.040 in. and 
0.052 in. Both of these conduits had a larger diameter of 2 mm and a length 
of 2 cm. Both the 0.040 in. and 0.052 in. smaller diameter conduits of Fig. 
16a taper inward slightly from the left ventricle with a radius of curvature R at 
the inwardly tapered portion of .010 inches. After tapering inward slightly, the 
conduits then taper outward at an angle a3 of 4°, as measured with respect to 
the longitudinal axis of the conduit, to the larger diameter end of the conduits. 
The conduit configuration shown in Fig. 16b has a constant inner diameter of 
2 mm and a length of 2 cm. The conduit configuration shown in Fig. 16c has 
a larger diameter opening in flow communication with the left ventricle 
tapering to a smaller diameter opening in flow communication with the 
coronary artery. The larger opening has an inner diameter of 6 mm, the 
smaller opening has an inner diameter of 2 mm, and the length of the conduit 
is 2 cm. 

The total resistance of a given bypass conduit implanted between the 
left ventricle and coronary artery results from the sum of three component 
resistances. The first resistance corresponds to the resistance occurring in 
the transition zone of the flow path between the ventricle and the lumen of the 

conduit. The second resistance corresponds to resistance to flow of the 
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lumen itself. The third resistance corresponds to the resistance to flow 
occurring at the transition between the lumen flow path and the coronary 
artery. Thus, aside from varying the configuration of the lumen of the conduit, 
varying the configurations of the various transition zones between the conduit 
and the left ventricle and the conduit and the coronary artery may influence 
the backward and forward resistances of the conduit. 

Figs. 17a-17c show three different test setups used in the experiments 
resulting in various transition zone configurations. Fig. 17a shows a test 
setup used to simulate a right angle junction between the artery, represented 
by the flow path CA in the figure, and the conduit flow path C (designated "90 
deg entry" in the results shown in Figs. 18a-18c and 19). Fig. 17b shows a 
test setup used to simulate a 30 degree junction between the artery CA and 
the conduit flow path C (designated "30 deg entry" in the results shown in 
Figs. 18a-18c and 19). Fig. 17c shows an idealized test setup which has no 
junction at all (designated "stent only" in the results shown in Figs. 18a-18c 
and 19). Each of the various transition zone configurations shown in Figs. 
17a-17c were not necessarily tested with each of the conduit configurations 
shown in Figs. 16a-16c. 

In each experiment, the conduit flow paths were machined into a 
polycarbonate block. For the 90 degree and 30 degree entry setups, the 
conduit flow path to be tested was connected between two reservoirs, R1 and 
R2, as shown in Figs. 17a and 17b, respectively. A section of silicone rubber 
tubing T was used to make one of the connections and a clamp CP was 
placed on the tubing to respectively permit and prevent or hinder flow through 
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the conduit flow path. A plug P was placed in the coronary artery upstream of 
the junction between the conduit and the artery. Initially, one of the reservoirs 
was filled with enough water to prime the flow path and the other was filled 
with enough water to achieve the desired initial pressure across the flow path. 
Initial water levels in each reservoir were recorded. For each of the test 
setups the pressure at the inlet of the conduit was calculated as AP = pgh. 
^The silicone rubber tubingT wasthen undamped and~a timer was started. 
Between 20 and 100 mis of water was allowed to flow through the stent. After 
this water flowed through the stent flow path, the tube T was clamped and the 
time stopped and final water levels in each reservoir were recorded. This 
process was repeated until the water levels in each reservoir were close 
enough to one another that the resultant flow was 20 ml/min or less. Data 
was entered into a spreadsheet and flow rates and average pressure 
differentials for each data point were calculated. 

Results of the experiments are shown in Figs. 18a-18c and 19. Figs. 
1 8a- 1 8c show plots of pairs of lines corresponding to forward and backward, 
or reverse, flow versus pressure for a specific conduit flow path configuration 
or artery junction setup. Thus, in Fig. 18a, the results of the experiment 
obtained using a conduit flow path configuration as shown in Fig. 16a are 
shown. In this graph, conduit flow path geometry for the 90 degree entry 
setup (Fig. 17a) and the conduit only setup (Fig. 17c) included a smaller 
opening inner diameter of 0.052 in., whereas for the 30 degree entry setup 
(Fig. 17b) the smaller opening inner diameter was 0.040 in. The 0.052 in. 
inner diameter was necessary due to fabrication requirements of those 
configurations. The smaller inner diameter for the 30 degree entry case 
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results in a greater overall resistance. As shown in Fig. 18a, in each case, the 
resulting forward or "to artery" flow is greater than the reverse or "to ventricle" 
flow for a given pressure. If all of the conduit flow path configurations used to 
obtain the results in Fig. 18a were the same, curves for the 30 degree entry 
case would be expected to lie between the conduit only and the 90 degree 
entry case. These results show that, while the degree of asymmetry is 
relatively small, tapered conduits can be designed with asymmetric flow 
resistance, and that the more favorable configurations are those that have a 
relatively small diameter on the ventricular side compared to that on the end 
attached to the coronary artery. Rounding at the ends of the conduit, 
especially at the ventricular end, help to reduce the pressure drop during 
forward flow, as does a smooth entry into the coronary artery. The trade-off is 
that the tapered shunts with asymmetric resistance might also have a higher 
mean flow resistance. The analysis helps to take all these factors into 
account to determine the optimal configuration for a given situation. 

Similar results as those in Fig. 18a are shown in Figs. 18b and 18c for 
^thexonduitjow_path^configurations corresponding respectively to Figs. 16b 
and 16c. The results of the so-called "funnel configuration" shown in Fig. 16c 
are plotted in Fig. 18c. As shown in this figure, this conduit flow path 
configuration resulted in the lowest overall mean resistance. Additionally, the 
flow rate through the conduit remained approximately the same for both 
directions, that is, toward the ventricle and toward the artery. An experiment 
with the funnel configuration for a 30 degree entry was not performed due to 
the relatively symmetric resistances resulting with the 90 degree entry and 
conduit only setups. Thus, Fig. 18c only contains two pairs of plotted lines. 
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Fig. 1 8b shows the flow versus pressure results for the conduit flow 
path configuration of Fig. 16b. This conduit configuration is in the form of an 
essentially straight tube having a constant 2 mm inner diameter. Experiments 
using this conduit flow path configuration were only performed for the 30 
degree and 90 degree setups. As can be seen from the graphs of flow versus 
pressure in Fig. 18b, when the straight tube enters the artery at a 30 degree 

angle to the direction of blood flow in the arteryra noticeable difference in flow 

i 

rate between the forward (i.e., to artery) and backward (i.e., to ventricle) flow 
directions results. Although the difference is not as pronounced as in the flow 
path configuration of Fig. 16a, it is measurable. Furthermore, the overall flow 
resistance of the simple tube configuration is lower than that of the 
configuration of Fig. 1 6a. For the 90 degree setup, the simple tube flow path 
configuration of Fig. 16b resulted in little difference in flow rate between the 
forward and backward flow directions. This small asymmetry in resistance is 
likely associated with the turbulence formed by the jet of blood entering the 
ventricle, leading to asymmetry in the resistance to flow. 

The computer simulated parametric flow studies discussed above 

characterized the simulated conduit models in terms of flow resistance ratios, 
in addition to the overall conduit resistance. More specifically, the flow 
resistance ratio is the ratio of the resistance to backward flow from the 
coronary artery to the left ventricle during diastole to the resistance to forward 
flow from the left ventricle to the coronary artery during systole. From the 
computer studies, it was determined that a large resistance ratio produces the 
greatest distal coronary artery flow rate for any level of stenosis or for total 

occlusion of the artery. However, when the coronary artery is partially 
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occluded to a level such that the stenotic resistance is 45 PRU, the 
asymmetric resistance can make the difference between a bypass conduit 
that may not benefit the patient and one that would. A bypass conduit having 
a resistance ratio of at least approximately 2 can thus be expected to result in 
a relatively good perfusion of the heart tissue. 

Using the graphs in Figs. 18a-18c, rough calculations of the 
experimentally measured resistance ratios can be made. Since the flow vs. 
pressure curves are slightly non-linear, the ratio is a relatively weak function 
of flow rate. For consistency, resistance ratios are calculated at 1 00 ml/min 
and 200 ml/min for each set of experimental results contained in Figs. 18a- 
18c. These flow rates are chosen since they represent rough approximations 
to the average and peak arterial flow rates. The results of the resistance ratio 
calculations are found in tabulated from in Fig. 19. It should be noted that for 
the 30 degree entry case of the conduit flow path configuration of Fig. 16a, a 
flow rate of 200 ml/min was slightly beyond the upper end of what could be 
achieved with the experimental set up and the relatively high flow resistance 

of the conduit with a 0.0 40 in. smaller opening inner diameter. Therefore, the 

resistance ratio was calculated at a flow rate of 150 ml/min instead. In 
reviewing the tabulated results shown in Fig. 19, the highest calculated 
resistance ratio was 1.6, which corresponded to the conduit configuration of 
Fig. 16a and the conduit only configuration. As mentioned above, however, 
this setup is an idealized situation and one that cannot be achieved when the 
conduit is implanted into the heart, as there will be a junction between the 
conduit and the coronary artery. However, this configuration achieved the 
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highest resistance ratio of those configurations tested and this resistance ratio 
approached the desired value of 2 and thus is a promising result. 

The tabulated results of Fig. 19 also show that resistance ratios of 1.2 
and 1 .3 were obtained for the flow path configurations of Fig. 16a with a 90 
degree entry setup and a 30 degree entry setup, respectively. For the simple 
tube configuration (i.e., "Constant I.D."), the tabulated results show that for the 
30 degree entry setup, resistance ratios of up to almost 1 .4 can be obtained. 
Overall, the experiments show that a measurable difference in flow resistance 
as a function of direction of flow in the conduit can be obtained without the 
need of a check valve or the like. Rather, the conduit can be designed and 
implanted such that a passive flow control is achieved by varying 
characteristics such as, for example, the degree of taper of the conduit, the 
diameters of the ventricle and artery openings, and the geometry of the 
implantation of the conduit in the heart wall between the left ventricle and 
coronary artery. The experimental results also seem to indicate that, in 
general, higher resistance ratios may come at the expense of higher overall 
flow resistances. This should be considered when choosing a conduit design. 

Further experiments were performed to examine the effects of different 
stent (or conduit) resistances on actual coronary blood flow. The conditions 
and results of these experiments are shown in Fig. 27. A choke device having 
a higher reverse flow resistance (i.e., diastolic flow resistance) than forward 
flow resistance (i.e., systolic flow resistance) was tested with the coronary 
artery pressure similar to the left ventricle pressure, i.e., high in systole and 
low in diastole. Using this choke device, coronary blood flow was almost 
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equal to flow under baseline conditions (39.97 ml/min versus 43.49 ml/min). 
Using a conduit having a mild symmetric resistance, total coronary blood flow 
decreased to 27.71 ml/min. However, negative diastolic flow was almost 
zero. These results also confirm that mean coronary blood flow can be 
significantly increased through the use of an asymmetric conduit. 



Conduit Configurations for Passive Flow Control 

As has been discussed above, one of the advantages of certain 
embodiments of the conduits of the present invention is that they can be 
designed to passively optimize fluid or blood flow through them. That is, the 
design or configuration of a conduit may be such that it passively achieves 
flow control without microvalves, check valves, or other active or movable 
devices that stop flow through the conduit, either partially or completely, 
during at least a portion of the cardiac cycle. Such passive flow control can 
be designed into the geometry, configuration or features of a conduit so that it 
biases flow in one direction or the other. Thus, flow within and/or completely 
through the conduit may occur in either direction (whether simultaneously or 
severally), but net flow in the desired direction can be maximized by 
maximizing flow in that direction and/or minimizing flow in the opposite 
direction. Such passive flow control mechanisms may comprise, for example, 
tapers in the lumen or a changing inner diameter of the conduit, tapers and/or 
radii of curvature at the openings of the conduit, the angle of insertion of the 
conduit with respect to the axis of the coronary artery (or direction of blood 
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flow in the artery), and other similar conduit design characteristics or 

implantation characteristics. 

As discussed above, in one preferred embodiment, flow control is 

achieved by maximizing flow through the conduit in one direction (preferably 

from the left ventricle to the coronary artery), but minimizing flow through the 

conduit in the opposite direction. In other words, in one embodiment, it is 

advantageous to have a low conduit resistance in the forward direction (from 

the left ventricle to the coronary artery), but a higher resistance in the opposite 

direction. In that sense, the conduit acts as a type of choke device having a 

higher reversed flow resistance or diastolic resistance than the forward flow or 

systolic resistance. 

Referring to Fig. 20, a schematic, cross-sectional view a conduit 2000, 

designed to achieve flow optimization under certain circumstances, and which 

has an asymmetrical flow resistance, is shown. In this case, the conduit 

2000, implanted in the heart wall HW, generally is curved with a varying wall 

thickness, and has a proximal end 2004 configured to extend into the left 

— ventride bVT-A distal end-2008 curves so that its exit is approximately - 

transverse to the direction of flow in the distal portion of the coronary artery 

CA. In this context, the term "distal" is used with respect to direction of 

desired flow and represents a location downstream from a given point in the 

flow path. It will be observed that the proximal portion of the conduit 2000 

shown in Fig. 20 preferably extends into the left ventricle LV to take into 

consideration the changing wall thickness of the myocardium. Thus, the 

proximal portion of the conduit 2000 may extend into the ventricle LV roughly 

5%-30% to accommodate for such changing wall thicknesses. During systole, 
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the myocardium HW contracts, thus increasing the thickness of the 
myocardium. The conduit 2000 of Fig. 20 is designed to accommodate such 
a thickening such that its entrance 2012 will be approximately flush with the 
internal surface of the myocardium HW during systole. 

Also, the proximal end 2004 of the conduit 2000 at the entrance 2012 
is shaped so as to have a high radius of curvature, which is approximately Vz 
of the difference between the diameter at the exit 2016 and the diameter of 
the conduit 2000 at the entrance 2012, i.e. ROC = (D 2 -Di)/2, as shown in Fig. 
20. This curvature tends to reduce flow losses (or in other words, decreases 
resistance to flow) at the entrance 2012 as flow enters from the ventricle, 
thereby maximizing flow through the conduit during systole. At the same time, 
the decreased diameter at the entrance 2012 increases the resistance to 
reverse diastolic flow at that location by producing a high speed turbulent jet 
that dissipates energy on entry into the ventricular chamber, thus tending to 
decrease negative flow through the conduit 2000 or flow from the coronary 
artery CA back into the ventricle LV. Thus, the proximal portion of the conduit 
2000 is designed so as to achieve an abrupt expansion resulting in large exit 
losses and consequently high resistance to diastolic flow. In addition, the wall 
thickness of the conduit 2000 varies by a taper (9) of approximately 4°, thus 
producing the differences in entrance and exit diameters. This degree of 
taper tends to minimize losses in a gradual conical expansion region. 

At the distal end 2008, on the other hand, flow losses are minimized, 
so as to minimize flow resistance. Such exit losses are essentially zero 
because the exit diameter of the conduit 2000 approximates or matches the 
diameter of the coronary artery CA. Moreover, during diastolic flow, there will 
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be losses at the exit of the conduit 2000, thus increasing the resistance to 
such negative flow. The curved configuration of the distal end 2008 of the 
conduit 2000 also minimizes flow loss during diastole resulting from proximal 
flow through a partial occlusion. In other words, the distal end 2008 of the 
conduit 2000 can be constructed so as to allow a proximal flow passing a 
partial occlusion and contributing to the flow through the conduit 2000 to 
produce an advantageous total coronary flow rate. Examples of such distal 
end configurations that allow a proximal flow passing a partial occlusion to 
contribute to the flow through the conduit are described in PCT/US99/20484, 
filed September 10, 1999 and published March 23, 2000 as WO 00/15146, 
the disclosure of which is incorporated by reference herein. Such distal 
designs for the conduit 2000 are described elsewhere herein and are 
compatible with the conduit of Fig. 20. Moreover, the conduit 2000 can be 
constructed from a rigid or flexible material, it may be a solid wall or lattice 
structure (e.g., stent-like) as described below. 

Thus, the conduit 2000 of Fig. 20 is designed so as to optimize total 
flow rate by designing a certain flow resistance through the conduit 2000 in 
accordance with the conditions indicated by theTpatient. In the case of conduit 
2000, this design is preferred at least when patient indications are total or 
near total proximal coronary artery occlusion. 

Fig. 21 illustrates a similar embodiment to the conduit of Fig. 20., the 
conduit 2100 in Fig. 21 having a distal end 2108 that does not extend into the 
coronary artery CA. For the embodiment of the conduit in Fig. 21 , the radius 
of curvature at the entrance 21 08 is approximately 1 / 2 of the difference 
between the diameter D 2 of the coronary artery CA and the diameter of the 
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conduit 2100 at the entrance 2112. The advantage in this design is that it 
does not obstruct flow coming from the partially obstructed artery upstream of 
the conduit. 

Fig. 22 illustrates another embodiment in which a conduit 2200, like the 
conduits described in Figs. 20 and 21 above, has a proximal end 2212 with a 
lumen diameter smaller than that at the distal end 2216. In this embodiment, 
the conduit preferably has a substantially constant wall thickness such that 
the outer wall and inner wall diameter of the conduit taper in size, preferably in 
a linear fashion, from the distal end 2216 to the proximal end 2212. The 
conduit 2200 is provided at an angle in the heart wall to bias blood flow in a 
downstream direction into the coronary artery CA. More particularly, the 
conduit is positioned such that its longitudinal axis is at an angle a1 to the 
perpendicular of the heart wall in the left ventricle, and at an angle a2 to the 
axis of blood flow in the coronary artery. Angle a2 preferably is an acute 
angle to bias the blood flow downstream. For example, in one preferred 
embodiment, the angle a2 may be about 30° to bias blood flow downstream. 

Fig. 23 illustrates another embodiment in which at least a portion of the 
conduit and/or the lumen therein is tapered and angled to bias blood flow. 
Proximal end 2312 of tapered conduit 2300 is further provided with flanges, or 
bumps, 2302 that extend outward into the ventricle and over the heart wall 
HW to secure the conduit 2300 to the heart wall. The distal end 231 6 is flared 
such that the end 2306 of the conduit is somewhat rounded and opens 
nonlinearly outward, and the lumen increases in diameter toward the distal 
end 2306. In the embodiment shown, the end 2306 does not extend into the 
coronary artery, although it will be appreciated that in this and other 
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embodiments, such extensions are contemplated. Fig. 24 illustrates another 
embodiment in which the lumen, after increasing linearly in diameter from the 
proximal end 2302', maintains a constant diameter or even decreases slightly 
in diameter near the distal end 2306', while simultaneously curving the blood 
flow path to bias blood flow downstream into the artery. 

Fig. 25 illustrates a further embodiment in which a conduit 2500, such 
as the concluif 2000 shown in Fig. 20,~1s disposed in theheart wall at an angle 
to bias blood flow downstream into the coronary artery CA. The conduit 2500 
may have a distal end 2508 that extends into the coronary artery CA, as 
described above. Alternatively, the distal end 2608 can be substantially 
coextensive with the heart wall, such as the conduit 2600 shown in Fig. 26. 

Fig. 16a, described above with reference to the "Experiments with 
Various Bypass Conduit Configurations" section, illustrates a conduit 1600 
having a proximal end 1602 and a distal end 1604 and a lumen 1606 defined 
by an inner wall 1608 extending therethrough. The lumen 1606 is designed 
such that the opening at the proximal end 1602 into the heart chamber or left 
ventricle LV has a smaller diameter than the opening at the distal end 1604. 
In one embodiment, the proximal opening has a throat, or inner, diameter of 
0.040 inches (1 .016mm) or 0.052 inches (1 .3208 mm), and the distal opening 
has a diameter of about 2 mm. In the embodiment shown, the length of the 
lumen 1606 between the proximal end and the distal end is about 2 cm. As 
illustrated, the lumen 1606 preferably tapers and decreases in diameter away 
from the proximal end 1602. This decrease in lumen diameter is preferably 
determined by the inner wall 1608 curving concave inward toward the central 
axis X of the lumen. As illustrated in Fig. 16a, this curvature can be defined 
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by the radius of curvature R, which in one embodiment, is about 0.010 inches 
(0.254 mm). 

After the decrease in diameter away from the proximal end 1602, the 
lumen diameter preferably increases toward the distal end 1604. More 
preferably, the lumen diameter increases linearly toward the distal end 1 604. 
As illustrated in Fig. 16a, the increase in diameter is determined by an angle 
a3 relative to the^entral axis X~df the conduit. In one embodiment, the angle 
a3 is about 4 degrees. 

Although the conduit illustrated in Fig. 16a is shown with a constant 
wall thickness, it will be appreciated that other conduits having the same or 
similar inner lumen dimensions are contemplated having other outer wall 
configurations. For example, the outer wall may have a constant diameter 
over part or the entire length of the conduit, such as in the embodiments 
described above. It will also be appreciated that although the proximal end 
1602 is shown as being approximately flush with the heart wall in the left 
ventricle, the conduit may extend into the ventricle as described in the 
embodiments above. Furthermore, the conduit 1600 is shown in Fig. 16a as 
being positioned in the heart wall at an angle a4 of about 90 degrees relative 
to the axis of coronary artery flow. It will be appreciated that the angle a4 may 
be varied as discussed above to bias blood flow downstream away from the 
blockage BL. 

In the conduit designs of the preferred embodiments, a geometry giving 
a resistance ratio of ventricle to artery flow of approximately 2 is preferred, as 
was determined from the lumped parameter model parametric studies. In 
general, the preferred conduit design makes it harder for fluid to flow toward 
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the ventricle as it is to flow toward the artery. As the experiment results have 
shown, a conduit of essentially the design of Fig. 16a with a throat diameter of 
about 0.052 inches at a 90 degree angle of entry a4 to the axis of the 
coronary artery achieves a flow resistance ratio of approximately 1 .2. The 
same design having a 0.040 inch throat diameter at a 30 degree angle of 
entry a4 achieved a flow resistance ratio of approximately 1 .3. 

Experimentation has aFsoshown that to WaximTze the flow ratio, higher overall 

i 

resistance is desired. 

Moreover, a conduit having a constant inner lumen diameter with an 
angle of entry a4 of about 90 degrees achieved a flow resistance ratio of 
approximately 1 .2. The same conduit provided at an angle of entry a4 of 
about 30 degrees achieved a flow resistance ratio of approximately 1 .4. 
Thus, decreasing the angle of entry alone can achieve good flow biasing. 

Overall, a relatively small diameter at the ventricle will generate 
considerable turbulence as flow enters the ventricle. Associated with the 
turbulence is a large loss of energy coupled with a lack of pressure recovery, 
i.e., pressure at the entry point inside the shunt is approximately equal to 
ventricular pressure. A gradual taper from the ventricle to the artery is 
expected to minimize flow separation and turbulence inside the conduit, 
thereby minimizing the loss of energy and allowing for pressure recovery 
when flow passes in the forward direction. The taper also leads to high wall 
shear stresses on back flow and low shear stresses on forward flow, again 
producing a favorable resistance ratio. Matching the diameters of the conduit 
and the artery at the artery side of the conduit, and reducing the angle 
between them also minimizes energy and pressure drops corresponding to 
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forward flow. Using typical estimates of pressure losses associated with the 
taper, which can be obtained from standard fluid dynamic textbooks (e.g., 
Fluid Mechanics, Frank M. White, WCB/McGraw Hill, 1999, pp. 370-374) 
indicates that resistance ratios of about 2 are possible to achieve for bypass 
conduits in accordance with the present invention. However, such textbook 
values typically are obtained for conditions in which the flow rates, or 
"Reynold's"numbere7are "considerably higher and therefore do not correspond 
directly to the predictions of the current computer simulations or the actual 
experimental results obtained. This also demonstrates the usefulness of finite 
element calculations to model the flow through the conduit. 

It will be understood that this disclosure, in many respects, is only 
illustrative. Changes may be made in details, particularly in matters of shape, 
size, material, number and arrangement without exceeding the scope of the 
invention. For example, the degree of taper, angle of implantation, diameters 
of left ventricular and arterial openings, wall thickness, and other similar 
characteristics of the conduits may be modified depending on such factors as 
the degree of occlusion of the artery being bypassed and the thickness of the 
heart wall, for example. Accordingly, the scope of the invention is as defined 
in the language of the appended claims. 

Other embodiments of the invention will be apparent to those skilled in 
the art from consideration of the specification and practice of the invention 
disclosed herein. It is intended that the specification and examples be 
considered as exemplary only, with a true scope and spirit of the invention 
being indicated by the following claims. 
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Appendix A: Detailed formulation of the 
coronary circulation analysis 



In this section, we present the detailed expressions of the computational procedure 
to simulate coronary circulation. The schematic diagram of the computational code is 
represented in Fig. 2. 

Variables: 

P : Pressure (unit : mmHg) 

q : Flow rate (unit : ml/sec) 

R :, Resistance (unit : mmHg sec/ml = PRU) 

C : Compliance (unit : ml/mmHg) 

D : Diode or check valve 

V: Volume (ml) 

Subscripts: 

li : Left ventricle inflow 

Iv Left ventricle 

lo Left ventricle outflow 

a Systemic arteries 

st Stenosis of coronary arteries 

by Bypass connection from left ventricle 

sh Shunt connection from left ventricle 

for : Shunt forward direction 

back : Shunt backward direction 

coa : Coronary arterioles 

coc : Coronary capillaries 

imp : Intra-myocardium 

cov : Coronary veins 

eca : Extarcoronary arterioles 

ecv : Extracoronary veins 

ra Right atrium 

ri Right ventricle inflow 

rv Right ventricle 

ro Right ventricle outflow 

pa : Pulmonary arteries 

pv Pulmonary veins 

th Intrathoracic 



The coronary circulation consists of three compartments: the coronary arteries, 
the coronary capillaries and the coronary veins. The effects of myocardial muscle 
contraction or relaxation is produced by temporal variations in the bias pressure 
Pimp(t). The flow rates between the respective compartments are thus 



0 otherwise 



A|6 



WO 01/17456 



PCT/USOO/24799 



J (ft 



otherwise 



?„ = (/>.- ft) /ft 
?,*=(ft-ft)/ft* 

(ft*. ~ ftr) / fto, 
q coa =1 (ft. ~ ftr) 



R-ih = Rfor 'f ft > ft 
ft=ft, rt '/ft<ft 

ifP m >P m 
— otherwise - 



(2) 
(3) 
(4) 

(5) 



For the shunt resistance in Eq. 4, the resistance values of the shunt can be 
changed according to the direction of flow. The forward and backward resistances are 
shown in Fig. 2. In Eq. 5, the flow rate to capillaries may be either forward (i.e. q coa > 
0) or retrograde, depending on the sign of the pressure gradient. However, reverse 
flow ceases as the capillary volume approaches zero since nothing then remains to be 
squeezed out. Moreover, as the capillary vessels are compressed, their resistance 
increases and they will throttle the flow. Accordingly, for a negative pressure gradient 
Eq. 5 reduces backward flow to zero as the capillary volume approaches zero. For 
flow into the veins and right atrium, a similar approach can be applied, producing the 
following two equations. 



<lcoc = 



(ftr-ftv) otherwise 

(ft« + /?/0 

(ft, -ft) 

(JU+0/O 

(ftv~ft) otherwise 

ftv 



(6) 



'/ft, >ft 



9 era 



-(ft-ftj/ft- 
= (/>„, -P ro )/tf <n . 



(ft "ft) /ft </ft>ft 

0 otherwise 

(ft -ft) /ft, </ft>ft 

0 otherwise 



? D v=(ft-ftv)/ft 



(7) 

(8) 
(9) 

(10) 

(11) 
(12) 



The state form of the node equations can be written in terms of these flow rates. 
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(a) Conservation of mass at the left ventricular node yields: 

9« = <7/ 0 + ?",, (13) 

where q, r = j;[C,(P h - Pj]= C,^ + (P h .- P lh 

(14) 



. dP h _ <h ~ % ~ (fr ~ dC (0/ <ft 
A C,(0 



(17) 

dt r 



(20) 

. dP m _ (<?„ +<?,„) -g fo „ 



(15) 



(a) At the systemic arteries node : 

^ 0 =7 n + <?; (16) 
where ^ = 



(18) 



(b) At the coronary artery node : 

9 0 + 9 J /,=9ro 0 + ?ro 0 (19) 

where ?L=C„ 0 ^ 



(21) 



(c) At the coronary capillaries node : 

Icoa^roc+q'coc (22) 

where j'^C, ^^ (23) 

dt C m dt 

(24) 

Capillary volume can be obtained by the relation. 
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V =C (P -P. ) (25) 

for cot. v coc mp' x ' 

(d) Mass conservation at the coronary veins node : 

9«r = <?cov + ?iov (26) 

where q^=C cov % (27) 

at 

For the capillary veins, venous pressure is calculated from the pressure-volume 
relation: 

^ov=^C c V ,,; ••- , "■ , (29) 

corresponding to a volume-dependent compliance, defined as the derivative of V cov 
with respect to P cov : 

C^iK^^f- =Ol + ^ov)-V" (, "> (30) 

"*COV 

Here, V c ° ov , C° ov are the reference venous volume and compliance, respectively, and 
a is the slope of the change in compliance. 

(e) Mass conservation at the extra-coronary veins node : 
(32) 



where ?U « C crv 



rrv 



(33) 



dt C et 
(f) At the right atrium node : 

(35) 



where 



^9 
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^ a grrv + gm--grf (36 ) 

dt C 



(g) At the right ventricle node : 

By the same procedure with Eq. 15, we can get the equation for the right ventricle 
node. 



dP„ _ q r; -q rn -{P„-P lh )dCAt)ldt 
dt C r (t) 

(hi) At the pulmonary arteries node : 

dPpa _ <Jro - <7„v 

dt C ?a 
(i) At the pulmonary veins node : 



dP m . _ <7„„ - q„ 
dt C„ 



5o 



(37) 



(38) 
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Appendix B Parameter values 



Compartment 



Rin(PRU) 



R«.,(PRU) 



C (ml/mmHg) V 0 (ml) Sources 



Left heart 


0.01 (Rp V ) 


0.006 (R 1o ) 


0,4 ~ 10 


15 


Systemic arteries 


0.006 (R^c) 




1.6 
90 


715 


Extra-coronary 


1.00 (R. av ) 


0.05 (Rri) 


2450 


Veins 








Coronary arteries 


(variable) 


13.5 (Rco,) 






Coronary capillaries 


13.5 (Rcoa) 


1.37 (R^) 




0.0 


Coronary veins 


1.37 (R^) 


0.6 (Rcov) 


0.4 


25 


Right atrium 




0.0025 (RJ 


0.25 (Variable) 


25 


Right heart 


0.0025 (RJ 


0.003 (R ro ) 


31.0 


15 


Pulmonary arteries 


0.003 (RJ 


0.08 (RrJ 


1.2 -20 


90 


Pulmonary veins 


0.08 (R,,) 


0.01 (Rp V ) 


4.3 
8.4 


490 



Davis, 1991 
Davis, 1991 
Ursino, 1998 

Schreiner, 
1989 

Schreiner, 
1989 

Schreiner, 
1989 

Ursino, 1998 
Davis, 1991 
Davis, 1991 
Davis, 1991 



Stenosis 

Bypass resistance 
Intramyocardium 
Pressure 

Total blood volume 
Reference coronary 
venous volume 
Reference coronary 
venous volume 



Resistance : Variable 
R* y = 0.0001 
Pimp(t) = 0.75xP LV (t) 

V tot -5000 ml 
VI = 25ml 



C° =0.25 ml/mmHg 
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WHAT IS CLAIMED IS : 

1 . A bypass conduit for implantation in a heart to bypass an at least 
partially occluded artery, comprising: 

a first end defining a first opening; 

a second end opposite the first end and defining a second opening; 

and 

a wall extending between the first and second ends defining a lumen 
extending between the first and second openings, wherein said ends and said 
wall are configured such that the conduit has a greater resistance to blood 
flow in a first direction than in a second direction. 

2. The bypass conduit of claim 1 , wherein the conduit is configured to be 
implanted in a heart wall with the first opening configured to be in flow 
communication with the left ventricle and the second opening configured to be 
in flow communication with the artery at a location downstream from the 
occlusion. 

3. The bypass conduit of claim 2, wherein the ratio of the resistance to 
blood flow through the conduit from the artery to the left ventricle to a 
resistance to blood flow through the conduit from the left ventricle to the artery 
is greater than approximately 1.1. 

4. The bypass conduit of claim 2, wherein a ratio of a resistance to blood 
flow conduit from the artery to the left ventricle to a resistance to blood flow 
through the conduit from the left ventricle to the artery is approximately 2. 
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5. The bypass conduit of claim 1 , wherein the artery has a resistance to 
blood flow of at least approximately 45 mmHg sec/ml to approximately 76 
mmHg sec/ml at a location of an occlusion. 

6. A method of bypassing an at least partially occluded artery, comprising: 
determining a resistance to blood flow of the artery at a location of an 

at least partial occlusion; 

selecting a conduit having a configuration based on the resistance to 
blood flow of the artery at the location of the at least partial occlusion; and 

implanting the conduit in a heart wall between a heart chamber and the 
artery downstream of the at least partial occlusion to directly flow blood 
between the chamber and the artery. 

7. The method of claim 6, wherein the selecting includes selecting a 
conduit having a higher resistance to blood flow in a direction from the artery 
to the chamber than in a direction from the chamber to the artery when the 
resistance to blood flow of the artery at the location of the at least partial 
occlusion ranges from approximately 45 mmHg sec/ml to 76 mmHg sec/ml. 

8. A bypass conduit for implantation in a heart to bypass an at least 
partially occluded artery, comprising: 

a first end defining a first opening; 

a second end opposite the first end defining a second opening; and 
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a wall extending between the first and second ends defining a lumen 
extending between the first and second openings, wherein said conduit is 
configured to have a greater resistance to blood flow in a first direction than in 
a second direction without any active flow control mechanism. 
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Fig. 4a Fig. 4b 
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Fig. 6b 
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Fig. 8a 



Fig. 8b 



WO 01/17456 



PCT/US00/24799 




Fig. 9 



\0/5A 



WO 01/17456 



PCT/USOO/24799 



1.6 



1.4 



1.2 



0.8 



0.6 



0.4 



0 



-B R^SfPRU) 

-9 R tt =76(PRU) 

-e- — R (t =100(PRU) 

—5 R., : infinite 




0^=0.005 



i : , 



R b«ck /R tor 



R bf =2.0 and ^^=2 - 20 



10 



Fig. 10 



WO 01/17456 



PCI7US00/24799 




Fig. 1 1 



WO 01/17456 



PCT/USOO/24799 




06 



0.2 0.4 0 6 0 6 

R b ,=2.0«ndR te .=2-20 



Fig. 12a 




Fig. 12b 



WO 01/17456 



PCT/US00/24799 




A-B-C-D-G-H-A : Coronary artery 

G-D-E-F-G : Shunt from left ventricle 
A-H : Wall boundary 
A-B. C-D-E. F-G-H : Wall boundary 

E-F : Pressure Boundary Condition 
B-C : Pressure Boundary Condition 
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Fig. 14b 
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Fig. 15b 
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Configuration 

Constant I.D., 90 deg entry 
Constant ID, 30 deg entry 
Funnel, stent only 
Funnel, 90 deg entry 


R "to ventricIe'VR "to 
artery" 

@ 100 mi/min 
0 

1.2 

0 

0 


R "to ventncle'VR "to 
artery" 

@ 200 mi/min 

Slight 
1.38 


Relative 

resistance @ 100 

ml/min 

Funnel = 1 

3 

2 

1 


fCamm .052 throat dia., 90 deg. entry 
Kamm .040 throat dia. t 30 deg. entry 
Kamm .052 throat dia., stent only 


1.2 
1.3 

1.4 | 


1.2 
1.25 

1.25 (@150 mi/min*) 
1.6 


2.5 
7.8 
20 

5.3 ' ' " '] 
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CONDUIT DESIGNS AND RELATED METHODS FOR OPTIMAL 

FLOW CONTROL 

CROSS REFERENCE TO RELATED APPLICATIONS 

This application claims the benefits of priority of provisional application 
Serial No. 60/153,205, filed September 10, 1999, the entire disclosure of 
which is hereby incorporated by reference herein. 

FIELD OF THE INVENTION 

This invention relates to an apparatus and method for implanting a 
conduit to allow communication of fluids from one portion of a patient's body 
to another. The invention more particularly relates to a blood flow conduit 
implanted in a heart to allow direct flow communication between a heart 
chamber and a vessel and/or between two vessels. Even more particularly, 
the invention relates to left ventricular conduit designs and configurations, and 
methods for optimizing conduit designs, for controlling the flow of blood 
through the conduit to achieve a direct bypass of an occluded coronary artery 
and for optimizing total blood flow through coronary arteries with variations in 
proximal occlusions. 

BACKGROUND OF THE INVENTION 

Coronary artery disease is a major problem in the U.S. and throughout 
the world. In fact, about 1.1 million "open heart" procedures are performed 
each year, and current estimates are that approximately 4.8 million people 
suffer from some degree of congestive heart failure. 

When coronary arteries or other blood vessels become clogged with 
plaque, the results are at the very least impairment of the efficiency of the 



WO 01/017456 PCT/US00/24799 

heart's pumping action. More severe results include heart attack and/or 
death. In some cases, clogged arteries can be unblocked through minimally 
invasive techniques such as balloon angioplasty. In more difficult cases, a 
surgical bypass of the blocked vessel is necessary. 

In a bypass operation, one or more arterial or venous segments are 
harvested from the body and then surgically inserted between the aorta and 
the coronary artery. The inserted vessel segments, or transplants, act as a 
bypass of the blocked portion of the coronary artery and thus provide for a 
free or unobstructed flow of blood to the heart. More than 500,000 bypass 
procedures are performed in the U.S. every year. 

Coronary artery bypass grafting (CABG) has been used for more than 
30 years. Initially, the saphenous vein (SV) served as the principal conduit for 
coronary bypass, but studies over the last dozen years have shown a 35-40% 
increase in 10-year patency rate or the internal thoracic artery (ITA) compared 
with SV. The SV, in fact, has only been shown to have a 10-year patency rate 
of 50%. Since the mid 1980*8, not only the ITA, but also the alternative 
arterial conduits have been increasingly used. These conduits include the 
gastroepiploic artery (GEA), inferior epigastric artery (IEA), and radial artery 
(RA), which have been used primarily as supplements to both the right and 
left ITA. 

Although the use of arterial conduits results in demonstrably better 
long-term patency, use of arteries in place of the SV often requires complex 
technical challenges, such as free grafts, sequential anastomosis, and 
conduit-to-conduit-anastomosis. Some of the reasons for the difficulty in 
using arterial conduits reside in the fact that they are much more fragile than 
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the SV and therefore easier to damage, and due to their smaller size, easier 
to occlude completely or partially through technical error during grafting. 

Such coronary artery bypass surgery, however, is a very intrusive 
procedure that is expensive, time-consuming and traumatic to the patient. 
The operation requires an incision through the patient's sternum (sternotomy), 
and the patient being placed on a bypass pump so that the heart can be 
operated on while not beating. A vein graft is harvested from the patient's leg, 
another highly invasive procedure, and a delicate surgical procedure is 
required to piece the bypass graft to the coronary artery (anastomosis). 
Hospital stays subsequent to the surgery and convalescence periods are 
prolonged. 

As mentioned above, another conventional treatment is percutaneous 
transluminal coronary angioplasty (PTCA) or other types of angioplasty. 
However, such vascular treatments are not always indicated due to the type 
or location of the blockage, or due to the risk of the emboli formation. 

One bypass technique employs a stent introduced through the 
myocardial wall from an adjacent coronary artery to provide a direct bypass 
conduit between the left ventricle and the adjacent coronary artery. In one 
embodiment, this technique includes the delivery of a transmyocardial bypass 
shunt in a collapsed, reduced-profile configuration, which requires radial 
expansion subsequent to delivery in a bore pre-formed in the myocardial wall. 
The stent may extend completely through the myocardium to establish a 
blood flow path or conduit directly from the left ventricle to a coronary artery, 
downstream of a vascular obstruction or occlusion in a proximal part of the 
artery. 
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The configurations of these direct bypass conduits, which can be in the 
form of stents or shunts, or other similar devices, have had promising results 
in performing as a direct blood flow path from the left ventricle to the coronary 
artery. However, there is a continuing need for improved bypass methods 
and conduits configured to control and optimize coronary blood flow, 
especially to prevent or hinder loss of blood in the artery due to backflow 
during diastole, and for conduits that are more precisely adapted to the level 
of arterial occlusion experienced by a particular patient. 

SUMMARY OF THE INVENTION 

The advantages and purpose of the invention will be set forth in part in 
the description which follows, and in part will be obvious from the description, 
or may be learned by practice of the invention. The advantages and purpose 
of the invention will be realized and attained by means of the elements and 
combinations particularly pointed out in the appended claims. 

An aspect of the present invention includes a bypass conduit for 
implantation in a heart to bypass an at least partially occluded artery. The 
bypass conduit includes a first end defining a first opening and a second end 
opposite the first end defining a second opening. A wall extends between the 
first and second ends and defines a lumen extending between the first and 
second openings. The ends and the wall of the conduit are configured such 
that the conduit has a greater resistance to blood flow in a first direction than 
in a second direction. 

Another aspect of the present invention includes a bypass conduit for 
implantation in a heart to bypass an at least partially occluded artery. The 



WO 01/017456 PCT/US00/24799 

bypass conduit includes a first end defining a first opening and a second end 
opposite the first end defining a second opening. A wall extends between the 
first and second ends and defines a lumen extending between the first and 
second openings. The conduit is configured to have a greater resistance to 
blood flow in a first direction than in a second direction without any active flow 
control mechanism. 

Yet another aspect of the invention includes a method of bypassing an 
at least partially occluded artery, comprising determining a resistance to blood 
flow of the artery at a location of an at least partial occlusion and selecting a 
conduit having a configuration based on the resistance to flow of the artery at 
the location of the at least partial occlusion. The method further comprises 
implanting the conduit in a heart wall between a heart chamber and the artery 
downstream of the at least partial occlusion to directly flow blood between the 
chamber and the artery. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorporated in and constitute 
a part of this specification, illustrate embodiments of the invention and 
together with the description, serve to explain the principles of the invention. 

Fig. 1 is a schematic view of a heart showing the left and right coronary 
artery circulation; 

Fig. 2 is a schematic diagram of the lumped parameter model 
computer code, with emphasis on the coronary circulation, according to an 
aspect of the present invention; 
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Fig. 3 is a graph of the left ventricular and aortic pressures through one 
cardiac cycle, as computed by the model; 

Fig. 4a is a graph of capillary volume (dotted line) and venous volume 
(solid line) versus time, as obtained from the lumped parameter computer 
model of Fig. 2 according to an aspect of the invention; 

Fig. 4b is a graph of capillary volume (dotted line) and venous volume 
(solid line) versus time obtained from previous computations; 

Fig. 5a is a graph of the flow to capillaries (dotted line) and the flow to 
veins (solid line) versus time, as obtained from the lumped parameter 
computer model of Fig. 2 according to an aspect of the invention; 

Fig. 5b is a graph of the flow to capillaries (dotted line) and the flow to 
veins (solid line) versus time, as obtained from previous computations; 

Fig, 6a is a graph of various hemodynamic parameters obtained from 
experiments performed in a dog with an occluded artery and a bypass conduit 
implanted in the heart wall to directly flow blood from the left ventricle to the 
artery; 

Fig. 6b is a graph showing the results obtained using the computer 
program to model the coronary circulation in a human having a totally 
occluded coronary artery with a bypass conduit implanted in the heart wall to 
directly flow blood from the left ventricle to the artery; 
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Fig. 7 is a graph showing the relation between the conduit resistance 
and the flow rate through the conduit when the coronary artery is totally 
occluded; 

Fig. 8a is a graph of the computed flow rate versus time for a relatively 
low value of compliance of the coronary artery according to an aspect of the 
invention; 

Fig. 8b is a graph of the computed flow rate versus time for a relatively 
high value of compliance of the coronary artery according to an aspect of the 
invention; 

Fig. 9 is a graph of average flow rate versus conduit resistance for 
various stenotic resistances computed from the computer model according to 
an aspect of the invention; 

Fig. 10 is a graph of average flow rate versus conduit resistance ratio 
for various stenotic resistances computed from the computer model according 
to an aspect of the invention; 

Fig. 1 1 is a cross-sectional view of a choke conduit according to an 
aspect of the invention; 

Fig 12a is a graph of coronary flow rate versus inverse resistance ratio 
for a heart implanted with a choke conduit and having a coronary artery with a 
relatively low compliance as computed by the lumped parameter model 
according to an aspect of the invention; 
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Fig. 12b is a graph of coronary flow rate versus inverse resistance ratio 
for a heart implanted with a choke conduit and having a coronary artery with a 
relatively high compliance as computed by the lumped parameter model 
according to an aspect of the invention; 

Fig. 13 is a schematic diagram of the geometry and boundary 
conditions used to perform a fluid dynamic analysis of a conduit according to 
an aspect of the invention; 

Fig. 14a is a perspective view of a mesh model of a conduit used for a 
fluid dynamic analysis according to an aspect of the invention; 

Fig. 14b is a perspective view of a mesh model of a conduit used for a 
fluid dynamic analysis according to another aspect of the invention; 

Fig. 15a is a vector velocity plot of the fluid dynamic analysis performed 
for the conduit shown in Fig. 14a; 

Fig. 15b is a vector velocity plot of the fluid dynamic analysis performed 
for the conduit shown in Fig. 14b; 

Fig. 16a is a cross-sectional view of a conduit having an asymmetrical 
flow resistance with a backward flow resistance greater than a forward flow 
resistance according to an aspect of the invention; 

Fig. 16b is a cross-sectional view of a conduit having a symmetrical 
flow resistance of approximately 1.147 PRU according to an aspect of the 
invention; 
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Fig. 16c is a cross-sectional view of a conduit having a funnel 
configuration which was used in experiments according to an aspect of the 
invention; 

Fig. 17a is a cross-sectional view of a 90 degree entry experimental 
setup for testing conduits according to an aspect of the invention; 

Fig. 17b is a cross-sectional view of a 30 degree entry experimental 

i 

setup for testing conduits according to an aspect of the invention; 

Fig. 17c is a cross-sectional view of a stent only experimental setup for 
testing conduits according to an aspect of the invention; 

Fig. 18a is a graph of experimental results of flow versus pressure 
corresponding to experiments using the conduit of Fig. 16a; 

Fig. 18b is a graph of experimental results of flow versus pressure 
corresponding to experiments using the conduit of Fig. 16b; 

Fig. 18c is a graph of experimental results of flow versus pressure 
corresponding to experiments using the conduit of Fig. 16c; 

Fig. 19 is a table containing various experimental results of flow 
resistance ratios for the conduits and setups of Figs. 1 6a-1 6c and 1 7a-1 7c, 
respectively; 

Fig. 20 is a cross-sectional view of an embodiment of a conduit having 
an asymmetrical flow resistance with the backward resistance higher than the 
forward resistance according to an aspect of the invention; 
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Fig. 21 is a cross-sectional view of another embodiment of a conduit 
having an asymmetrical flow resistance with the backward resistance higher 
than the forward resistance according to an aspect of the invention; 

Fig. 22 is a cross-sectional view of yet another embodiment of a 
conduit having an asymmetrical flow resistance with the backward resistance 
higher than the forward resistance according to an aspect of the invention; 

Fig. 23 is a cross-sectional view of an embodiment of a conduit having 
an asymmetrical flow resistance with the backward resistance higher than the 
forward resistance according to an aspect of the invention; 

Fig. 24 is a cross-sectional view of another embodiment of a conduit 
having an asymmetrical flow resistance with the backward resistance higher 
than the forward resistance according to an aspect of the invention; 

Fig. 25 is a cross-sectional view of an embodiment of a conduit having 
an asymmetrical flow resistance with the backward resistance higher than the 
forward resistance according to an aspect of the invention; 

Fig. 26 is a cross-sectional view of yet another embodiment of a 
conduit having an asymmetrical flow resistance with the backward resistance 
higher than the forward resistance according to an aspect of the invention; 
and 

Fig. 27 is a table of results and parameters of experiments in dogs 
using different bypass conduit configurations. 
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DETAILED DESCRIPTION OF THE INVENTION 

Through various aspects of the present invention, it has been 
determined that for some levels of coronary occlusion, a conduit having an 
asymmetrical flow resistance may be necessary in order to provide a 
beneficial blood flow through the artery. As used herein, an asymmetrical flow 
resistance means that the resistance to flow through the conduit in one 
direction is different than the resistance to flow through the conduit in the 
opposite direction, and symmetrical flow resistance means that the resistance 
to flow through the conduit is the same in both directions. In the cases where 
a coronary artery is completely occluded, it has been found that a conduit 
having a symmetrical flow resistance produces an increase in mean blood 
flow through the coronary artery. The blood flow through the coronary artery 
decreases as the symmetrical flow resistance increases. On the other hand, 
in certain cases where the coronary artery is not totally occluded, as will be 
explained, a conduit having a symmetrical flow resistance may not improve 
the amount of blood flow through the coronary artery that is already able to 
pass through the partial occlusion, and thus will provide no benefit to a 
patient. Although conduits that resist flow more strongly in the direction from 
the coronary artery to the left ventricle are desirable for any level of arterial 
stenosis, including totally occluded, in certain cases of partial occlusions, it is 
preferred that the implanted conduit have a high enough asymmetrical flow 
resistance in order to transition from a non-beneficial situation (i.e., the 
implanted conduit results in less total coronary flow than would be 
experienced without the conduit) to a beneficial one (i.e., the implanted 
conduit increases total coronary flow to more than it would be without a 
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conduit). In other words, a conduit that allows or more easily permits forward 
systolic flow from the left ventricle to the artery but prevents or hinders 
diastolic backflow from the artery to the ventricle is desired, and in certain 
cases of stenosed arteries there exists a preferred, threshold target ratio of 
resistance of diastolic backflow to the resistance of systolic forward flow in 
order to achieve beneficial results in total coronary flow when the direct 
bypass conduit is implanted in the heart. 

Furthermore, it is desirable to provide such a conduit having an 
asymmetrical flow resistance without the use of valves or other mechanical or 
moving parts due to the small dimensions of the conduits and corresponding 
valve and other mechanical flow control mechanisms. Such active movable 
or other articulating devices may be complicated and/or expensive to 
manufacture, particularly on the small scales required in contexts such as 
passing blood directly from the left ventricle to the coronary artery, for 
example. Also, an increased risk of thrombosis may result from irregular 
surfaces associated with such valves and other mechanical flow control 
mechanisms. Thus, in designing conduits to optimize fluid or blood flow 
through them, the design or configuration of conduits according to the 
invention preferably is such that the conduit automatically, or passively, 
achieves flow control without microvalves, check valves, or other active or 
movable devices and parts. Such passive flow control devices can be 
designed into the geometry, configuration, or other characteristics, including 
implantation geometry and the like, of the conduit such that flow is biased in 
one direction. Thus, flow within and/or completely through the conduit may 
occur in either direction (whether simultaneously or severally), but net or 
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mean flow in the desired direction can be maximized by maximizing flow in 
that direction and/or minimizing flow in the opposite direction. Passive flow 
control devices may comprise various conduit configurations, as will be 
explained in more detail with reference to Figs. 16a and 20-26, such as, for 
example, tapers in the lumen or a changing inner diameter of the conduit, 
tapers and/or radii of curvature at the openings of the conduit, the angle of 
insertion of the conduit with respect to the axis of the coronary artery, and 
other similar conduit design characteristics or implantation characteristics. 

Thus, in certain embodiments according to the present invention, flow 
control is achieved by maximizing flow through the conduit in one direction, 
preferably from the left ventricle to the coronary artery, and minimizing flow 
through the conduit in the opposite direction, preferably from the coronary 
artery to the left ventricle. Since the flow rate is a function of friction, drag, 
turbulence, and other fluid dynamic parameters, it is convenient for the 
purposes of this application to discuss flow rate through the conduit in terms 
of resistance of the conduit to such flow. In other words, in certain 
— ^embodiments of the bypassconduitsaccording toJhe present invention, it is 
preferred to have a low conduit resistance in the forward direction from the left 
ventricle to the coronary artery (also called the systolic flow resistance), and a 
higher resistance in the backward direction from the coronary artery to the left 
ventricle (also called the diastolic flow resistance). 

As mentioned above and explained in more detail shortly, computer 
simulation and experimentation has shown that the characteristics producing 
optimized flow rate in the coronary artery may depend on the degree of 
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occlusion in the artery. Thus, preferably the conduit design or implantation 
configuration should be selected in each case such that flow rate through the 
conduit is controlled to enhance total coronary flow, thereby enhancing 
perfusion of the heart tissues. It has been determined that, where a proximal 
occlusion is only partial, the total flow rate in the distal coronary artery may or 
may not be increased by the placement of a conduit. If the conduit resistance 
is symmetric, i.e., the same in both the forward and backward directions, total 
flow may actually decrease when a bypass conduit is implanted in the heart 
wall due to a relatively high diastolic backflow through the conduit from the 
coronary artery to the left ventricle. In such cases, a patient may not benefit 
from placement of the bypass conduit. If the conduit resistance is 
asymmetrical, however, such that diastolic flow resistance is higher than 
systolic flow resistance, the total distal coronary flow may increase in such 
cases. The increase in total flow may be large enough such that for levels of 
occlusion for which placement of a conduit having symmetrical resistance are * 
detrimental, the placement of a conduit having an asymmetrical flow 
resistance may produce a benefit to the patient due to an overall increase in 
total coronary flow. Moreover, computer simulations have shown that 
conduits designed to have an asymmetrical flow resistance ratio of backward 
resistance to forward resistance of approximately 2 produce beneficial results 
in flow through certain degrees of partially occluded arteries. Experimental 
results have shown that conduits can be designed to passively achieve 
asymmetrical flow resistance ratios near a value of 2. 
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Computer Simulation 

An aspect of the present invention relates to a computer model 
designed to simulate the physiological system dynamics of the cardiovascular 
system, including simulating the system dynamics of a cardiovascular system 
in which a coronary bypass conduit with various characteristics has been 
implanted in the heart wall to directly flow blood from the left ventricle to the 
coronary artery. The computer model can thus be used to predict the 
hemodynamic effects of a bypass using various types of conduits having 
different characteristics according to the invention. Moreover, as will be 
explained, by performing parametric studies utilizing the computer model, it 
has been determined that modifying conduit designs and characteristics 
depending on the degree of occlusion of the artery optimizes blood flow 
through the coronary artery. 

Fig. 1 shows a schematic of a heart H with blood flowing up through 
the aortic valve AV (as indicated by the arrow) into the right coronary artery 
RCA and the left coronary artery LCA. As shown in Fig. 1 , the blood travels 
into various branches of the coronary arteries and ultimately feeds the heart 
wall muscle. Thus, when an artery becomes occluded, blood is prevented or 
hindered from flowing through the artery to the heart wall muscle, which 
receives almost its entire nutritive blood supply from the arteries. 

As shown in Fig. 2, the computer code of the present invention is 
based on a lumped parameter model of the total cardiovascular circulation, 
with emphasis on the coronary circulation. Essentially, the model according 
to the invention inserts the coronary circulation and bypass circulation into an 
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existing model of the cardiovascular system, previously developed by Davis. 
See Davis, T.D. Teaching physiology through interactive simulation of 
hemodynamics," MIT M.S. Thesis, Cambridge, MA 1991. the complete 
disclosure of which is incorporated herein by reference. The existing model 
includes arterial, venous, and pulmonary circulations and simulates 
autoregulation functions such as the baroreceptor reflex for short term control 
of blood pressure and the cardiopulmonary reflex for control of blood volume. 
One reason for implementing the coronary circulation in a complete 
cardiovascular (CV) model is that the baroreflex and cardiopulmonary reflex 
can be utilized to examine a variety of realistic conditions that might be 
experienced by patients after coronary bypass surgery. In addition, it permits 
the study of how the surgically altered system will perform in conjunction with 
the rest of the circulation. 

KirchofTs Equation is applied to each of the nodes of the lumped 
parameter model shown in Fig. 2, which yields a matrix equation in the form: 

dp/dt = Ap + b 

where p represents the vector of compartmental pressures, A represents the 
time constants for exchange between compartments, and b is the input to the 
system. Detailed expressions of the model equations and the meaning of the 
various expressions used in these equations can be found in Appendix A. 
From the description of the computer model herein, including the model 
shown in Fig. 2, the expressions of the computational procedure of Appendix 
A, and their corresponding written descriptions, one skilled in the art of 
computer modeling and/or programming can devise the appropriate software 
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and/or code to perform the computer simulation according to the present 
invention. 

In Fig. 2, diodes are used to ensure unidirectional flow. Each 
compartment, or volume adapted to contain or flow blood, Is characterized by 
an inflow resistance Rj measured in peripheral resistance units (PRU) with a 
unit of mmHg-s/ml, a compliance C, which is the change in volume associated 
with a given change in pressure and essentially is a measure of the flexibility 
of the compartment, with a unit of ml/mmHg, a volume at zero transmural 
pressure V 0 (zero pressure filling volume, ZPFV) with a unit of ml, and an 
outflow resistance Rq, again measured in PRU. Transmural pressure across 
the pulmonary capacitance varies according to intrathoracic pressure. As 
can be seen, the model also includes different flow resistance values, Rf 0r and 
Rback, according to flow direction for the conduit or shunt. Actually, even for 
an implanted conduit in the form of a straight tube with a constant inner 
diameter (i.e., a symmetrical resistance conduit), the resistance in case of 
forward direction (from the left ventricle to the coronary artery) and the 
backward direction (from the coronary artery to the left ventricle) may not be 
exactly equal. However, the forward and backward resistances are assumed 
to be equal in the case of such a symmetrical resistance conduit for the 
purposes of the experiments and studies presented herein. The various 
parameter values for each node, along with the source from which some of 
the values were determined, can be found in Appendix B. "Davis, 1991" 
refers to Davis, T.D., "Teaching physiology through interactive simulation of 
hemodynamics; MIT M.S. Thesis, Cambridge, MA 1991. "Ursino, 1998" 
refers to Ursino, M., "Interaction between carotid baroregulation and the 
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pulsating heart: a mathematical model," Am. J. Physiol., 275, H1733-H1747, 
1998. "Schreiner, 1989" refers to Schreiner, W., et al., "Simulation of 
coronary circulation with special regard to the venous bed and coronary sinus 
occlusion," J. Biomed. Eng., 12, 429-443. 

Because the blood flow through the coronary circulation is relatively 
small in comparison to the total circulation of blood through the system, the 
coronary circulation has a relatively minor effect on the overall circulation. In 
contrast, the aortic and left ventricular pressures determined from the overall 
circulation become one of the main inputs into the coronary circulation portion 
of the model. Fig. 3 illustrates the left ventricular and aortic pressures through 
one cardialc cycle, as computed by the model. The portion of the left ventricle 
pressure forming the peak (from about 39 seconds to 39.2 seconds in the 
figure) corresponds essentially to systole. 

Figs. 4a -6b show a comparison of results obtained from the present 
computer model with results obtained from previous computations and 
experiments. Fig. 4a is a graph of capillary volume (dotted line) and venous 
volume (solid line) versus time, as obtained from the lumped parameter 
computer model, and Fig. 4b is a graph of capillary volume (dotted line) and 
venous volume (solid line) versus time obtained from previous computations. 
Fig. 5a is a graph of the flow to capillaries (dotted line) and the flow to veins 
(solid line) versus time, as obtained from the lumped parameter computer 
model, and Fig. 5b is a graph of the flow to capillaries (dotted line) and the 
flow to veins (solid line) versus time, as obtained from previous computations. 
The results shown in the graphs corresponding to the previous computations 
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were obtained from Schreiner, W. et al., "Simulation of coronary circulation 
with special regard to the venous bed and coronary sinus occlusion/ J. 
Biomed. Eng., 12, pp. 429-43 (1990). The time periods shown in these 
figures correspond to the cardiac cycle period shown in Fig. 3. Moreover, the 
results shown in Figs. 4a-5b correspond to the simulation and computation of 
coronary circulation in a normal state, that is, without occlusions and without a 
bypass conduit directly inserted in the heart wall (R st = 0 and R$h = <*>). Thus, 
these results serve as a verification of the computer model when used for 
modeling the flow in a normal state. 

As can be seen in Figs. 5a and 5b, during systole the flow rate to the 
coronary capillaries decreases due to the increased resistance resulting from 
the contraction of myocardial muscle, whereas flow through the coronary 
veins increases due to compression of the capillaries and small veins. The 
change of capillary and venous volume, as shown in Figs. 4a and 4b, varies in 
a manner similar to the flow rate variations shown in Figs. 5a and 5b. In the 
present simulations, however, peak systolic pressure is not sustained for as 
— long a time period as in the previous computations. This results in a relatively 
narrower band of reduced capillary flow rate, as shown in Fig. 5b. 

To further verify the computer model, the coronary flow and conduit, or 
shunt, flow were simulated for a human having a totally occluded left anterior 
descending coronary artery with a bypass conduit implanted in the heart wall 
to directly flow blood from the left ventricle to the coronary artery. The bypass 
conduit modeled was a constant diameter tube having an asymmetrical flow 
resistance of 1 .147 PRU. The simulated results were compared to 
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experimental results in a dog with a totally occluded artery and a bypass 
conduit having a symmetrical flow resistance of approximately 1.147 PRU 
implanted in the heart and configured to directly flow blood from the left 
ventricle to the artery. 

Fig. 6a is a graph of various hemodynamic parameters obtained from 
experiments performed in a dog with a totally occluded coronary artery and a 
bypass conduit in the form of a tube of constant inner diameter with a 
symmetrical flow resistance implanted in the heart wall at an entry angle in the 
coronary artery of 90° and configured to directly flow blood from the left 
ventricle to the coronary artery The flow rate through the shunt is represented 
by the line corresponding to Q sh and the flow rate through the occluded 
coronary artery is represented by the line corresponding to Qi a( j. 

Fig. 6b is a graph showing the results obtained using the computer 
program to model the coronary circulation in a human having a totally 
occluded coronary artery with a bypass conduit having a symmetrical flow 
resistance (i.e., simulating the constant diameter conduit used in the 
experiments) implanted in the heart wall to directly flow blood from the left 
ventricle to the coronary artery, as described above. To model a totally 
occluded artery, the value of R s t is set to infinity. The results shown in Fig. 6b 
are the flow rate through the shunt (Q S h) and the flow rate through the artery 
(Qiad). As can be seen in both the results obtained from experiment and from 
the computer simulation, a large back flow, shown by the negative flow rate 
through the coronary artery and a smaller negative flow rate through the 
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shunt, occurs during diastole due to the corresponding decreased pressure in 
the left ventricle. 



After verifying the accuracy of the computer model, as shown in Figs. 
4a-6b, the model was used to perform a series of parametric studies 
simulating the effects on the coronary circulation of bypass procedures by 
varying conduit characteristics and level of occlusion in the coronary artery. A 
portion of the parametric study focused on assuming a conduit or shunt 
resistance R S h independent of the direction of flow through the conduit, i.e., a 
symmetrical resistance. The Poiseuille flow assumption was used to first 
obtain a reference value of the conduit, or shunt, resistance for a conduit 
having a diameter of 2 mm and a length of 2 cm. Under this assumption, the 
flow rate in the conduit is given by the following expression: 

ntfbP AP 
Q= 128/zL = 

where Q is the flow rate in the conduit, and D, AP, and represent diameter, 
"pressure drop through the conduit length, and fluid viscosity ^respectively. 
From the relation above, the expression for the conduit, or shunt, resistance 
thus becomes 

_ 128/iL 
Rsh ~ ntf 

Using the length and diameter of a typical shunt discussed above and a fluid 
viscosity of 0.03 kg/m-s, which represents blood, the calculated conduit 
resistance is approximately 1.147 PRU. 
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To establish the relation between the conduit resistance and the flow 
rate through the conduit when the coronary artery is totally occluded, a 
preliminary computation was made and the results are shown in Fig. 7. 
Before performing these simulations, the values for the coronary artery 
resistances, Rcoa (coronary arterioles resistance) and Rcoc (coronary 
capillaries resistance), were determined. To determine these flow resistance 
values, a normal resting total coronary flow of 1 ml/sec is assumed, 
representing flow through an unoccluded, non-bypassed left anterior 
descending artery (LAD). However, as the location of the implanted bypass 
conduit generally will be placed approximately 2/3 of the way down the LAD, it 
is assumed that the total coronary flow will be 2/3 times the normal flow given 
above. Thus, the baseline flow rate used to determine Rcoa and Rco C is 0.667 
ml/sec, again representing the flow through an unoccluded, non-bypassed 
artery at a point approximately 2/3 of the way down the vessel. The Rcoa and 
Rcoc values were first altered until this baseline flow rate of 0.667 ml/sec was 
achieved in an unoccluded LAD, i.e., the stenotic resistance equal to zero. 
Both resistance values were then increased five-fold to reflect a maximally- 
dilated state of the peripheral vascular bed in patients with chronic, moderate 
to severe obstructions so that the maximal flow, with no occlusion and no 
bypass conduit implanted, would be 3.3 ml/sec. The values were determined, 
after several trials, to be Rcoa = 1 6.5 and Rcoc = 1 .65. These values were 
used throughout the computer simulations. 

The model was then run to simulate the flow in a totally occluded artery 
havjng a symmetrical resistance bypass conduit implanted. As the results in 
Fig. 7 are for a totally occluded artery, the flow rate shown in the figure 
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represents both the flow through the shunt and the flow in the artery distal the 
occlusion. Fig. 7 shows that the calculated flow rate having a symmetrical 
flow resistance and implanted in a totally occluded artery decreases as the 
conduit resistance increases. Thus, as the resistance of the conduit 
approaches infinity, essentially representing a situation in which no conduit is 
implanted, the flow rate through the artery approaches zero. This result 
makes sense since there is no blood flow through the total occlusion and also 
no blood flow through the conduit. 

Figs. 8a and 8b show results of the computer simulated flow rate for a 
lower value (Ccoa = 0.005) and a higher value (Ccoa = 0.05) of compliance of 
the coronary artery. The results obtained by altering the compliance of the 
artery show that while the peak positive and negative flow rates 
corresponding to the higher compliance are larger than that of those 
corresponding to the lower compliance value, the net flow rate during one 
cardiac cycle does not show significant differences between the two cases. 

Next, the conduit flow resistance was varied and the model was run to 
explore the effect on total flow in the artery. The shunt resistances were 
varied for various values of stenotic resistances, as shown in Fig. 9. The first 
extreme stenotic resistance value simulated, R s t = 45 PRU, corresponds to a 
relatively low grade stenosed artery. The second extreme stenotic resistance 
value simulated, R s t = «>. corresponds to a totally occluded artery. As can be 
seen in Fig. 9, as the symmetrical resistance of the bypass conduit increases 
for a totally occluded artery, the flow rate through the coronary artery distal to 
the occlusion decreases. On the other hand, for a stenosed artery with a 
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resistance value of 45 PRU, as the symmetrical resistance of the bypass 
conduit increases, the distal flow rate through the coronary artery also 
increases, essentially reaching an asymptote at a value of slightly over 1 
ml/sec as the conduit resistance approaches infinity. Thus, through the use of 
the model, it has been determined that while a bypass conduit having a 
symmetrical flow resistance may increase the distal flow rate in a totally 
occluded artery, it does not help the distal flow rate in the artery for certain 
degrees of partial occlusion. That is, any increase in flow through the artery 
that occurs during systole as a result of the bypass conduit is not enough to 
increase the total coronary flow because of the loss of flow through the 
bypass conduit that occurs during diastole. 

The results of the computer model shown in Fig. 9 also show another 
important discovery. At a critical stenosis resistance value of approximately 
76 PRU the flow rate appears to remain substantially constant regardless of 
the conduit resistance. Overall, then, for stenotic resistances higher than the 
critical value, it may be desirable to implant the bypass conduit having a 
symmetrical resistance. However, for stenotic resistances lower than the 
critical value, implanting a bypass conduit having a symmetrical flow 
resistance may lower the total flow through the artery and thus may not be 
desirable. In other words, there may exist different optimal conduit 
configurations, yielding different and asymmetrical conduit resistances and 
ratios of resistance to backflow to resistance to forward flow greater than 1 , 
according to whether the proximal coronary artery is totally occluded or 
partially occluded. It should be noted that using Poiseuille's equation, a 
resistance of 45 PRU represents approximately a 74% diameter reduction, 76 
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PRU represents approximately a 77% reduction, and 100 PRU represents 
approximately a 79% reduction, based on estimated diameters of the 
coronary artery corresponding to the location of the occlusion. The typical 
average diameter of an unoccluded left anterior descending coronary artery is 
approximately 3 mm. 

Yet another parametric study using the lumped parameter computer 

model included simulating the distal coronary artery flow for bypass shunts 

i 

having various flow resistance ratios, i.e., a ratio of the resistance to backflow 
to the resistance of forward flow. In this portion of the study, the forward and 
backward resistances of the conduits were varied for different levels of 
stenotic resistance with a goal of obtaining normal blood flow through the 
LAD, which is about 1 ml/sec at rest. That is, the conduits modeled for this 
parametric study included shunts having asymmetrical flow resistances such 
that the diastolic flow resistance (i.e., in the direction from the coronary artery 
to the left ventricle) was higher than the systolic flow resistance (i.e., in the 
direction from the left ventricle to the coronary artery). These types of devices 
are referred to throughout this application as choke devices, and can be in the 
form of a conduit, shunt, or stent, or the like. An example of such a choke 
conduit is shown in Fig. 1 1 , where the shunt has a tapered shape from a 
relatively small diameter opening in flow communication with the left ventricle 
to a relatively larger diameter opening in flow communication with the 
coronary artery distal the occlusion. 

As in the parametric study shown in Fig. 9, the coronary blood flow for 
the case of bypass conduits having asymmetrical flow resistances also was 
simulated for stenotic resistances in PRU of 45, 76, 100, and », respectively. 
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The results of the simulation are shown in Fig. 10. As can be seen from the 
graph, as stenotic resistance decreases, the flow rate increases. Moreover, 
for each stenotic resistance value simulated, as the ratio of backward to 
forward resistance increases, the mean flow rate increases. However, the 
incremental increase in flow rate is less as the resistance ratio increases. As 
also can be seen from the graph shown in Fig. 10, for a partially occluded 
artery with a stenotic resistance of 45 PRU, a bypass conduit having a 
resistance ratio of approximately 2 yields a flow rate of about 1 ml/sec, which, 
as discussed above/represents about the normal flow rate through a non- 
occluded, non-bypassed artery. Furthermore, for each value of stenotic 
resistance, there exists a value of the ratio of backward to forward conduit 
resistance above which the flow exceeds that which would be obtained 
without implanting a bypass conduit. The maximum mean flow, however, is 
generally always achieved with the largest values of the resistance ratio. 
Thus, in designing a conduit to optimize blood flow through the artery, for 
certain degrees of occlusion, it is desirable to implant a conduit having a 
resistance ratio of backward to forward flow as large as possible. 

Figs. 1 2a and 12b show the effect of the compliance of the coronary 
artery on the choke conduit simulation. In Fig. 12a, the lower compliance, 
i.e., capacitance (Ccoa = 0.005 ml/mmHg) results are shown and in Fig. 12b, 
the higher compliance, i.e., capacitance (Ccoa = 0.05 ml/mmHg) results are 
shown. In the graphs in Figs. 12a and 12b, the resistance ratio plotted is the 
inverse of that in Fig 10, that is, the ratio of forward flow resistance to 
backward flow resistance. However, the conduits modeled in this study are 
the same as those in Fig. 10 in that the resistance to backward flow is higher 
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than the resistance to forward flow. The results of the simulation in Figs. 12a 
and 12b show that as the compliance, or capacitance, of the artery increases, 
the flow rate in the artery is higher than for a lower compliance of the artery at 
the same bypass conduit resistance ratio. Also, the gradient of the flow rate 
increase is steeper for the case of higher compliance than for the case of 
lower compliance. Thus, to the extent that compliance can be controlled, 

some additional gains in coronary flow may be achieved by increasing the 

j 

compliance. 

In addition to performing parametric studies using the lumped parameter 
computer model, a three-dimensional fluid dynamic computation analysis for a 
bypass conduit design similar to that shown in Fig. 1 1 was performed. The 
purpose of this fluid dynamic analysis was to examine the influence of 
geometry of the device to optimize total coronary perfusion. The simulation 
was performed using a commercially available finite element package, ADINA 
(Automatic Dynamics Incremental Nonlinear Analysis). A mixed 
displacement/pressure-based finite element formulation was used to solve the 
governing fluid dynamic equations. For the boundary condition, the simulation 
results from the lumped parameter model of the coronary circulation with the 
artery totally blocked were used. The time-varying pressures and flow rates 
at the left ventricle obtained from the lumped parameter model simulation 
were applied to the bypass conduit inlet boundary. The governing equations 
used for the fluid dynamic analysis are the Navier-Stokes equations for 
viscous incompressible flow obtained from the principles of conservation of 
mass and momentum. 
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As mentioned above, a three-dimensional model (as shown, for 
example, in Figs. 14a and 14b) was used to simulate blood flow in the 
coronary bypass conduit. Two implant angles, 30° and 90°, as measured with 
respect to the direction of blood flow in the coronary artery, were modeled. 
Each conduit included a tapered configuration from a relatively small diameter 
in flow communication with the left ventricle to a relatively larger diameter in 
flow communication with the coronary artery. As explained above, this 
tapered configuration forms a choke conduit having an asymmetrical flow 
resistance. The detailed geometry and boundary conditions are illustrated 
schematically in Fig. 13. The fluid modeled was blood having a viscosity of 
0.003 kg/(m-s) and a density of 1000 kg/m 3 . For the boundaries E-F and B-C, 
the time-dependent pressure boundary conditions derived from the system 
simulation of the coronary circulation were imposed. In obtaining the 
boundary conditions from the lumped parameter model simulation, an infinite 
value for the stenotic resistance was used. 

The surface mesh of the bypass conduits used for the fluid dynamic 
analysis are shown in Figs. 14a and 14b, Fig. 14a shows the bypass conduit 
angled at 90° to the direction of blood flow in the coronary artery, while Fig. 
14b shows the bypass conduit angled at 30° to the direction of blood flow in 
the coronary artery and angled to direct the blood downstream of the 
occlusion. The results of the fluid dynamic analysis are shown in the velocity 
vector plots of Figs. 15a and 15b. These results correspond to a point in the 
cardiac cycle when left ventricle reaches approximately its peak pressure and 
correspond to each of the bypass shunt geometries shown in Figs. 14a and 
14b, respectively. For the 90° case shown in Fig. 15a, a strong recirculating 
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region near the intersection of the conduit with the coronary artery results 
from the separation of blood flow from the wall. On the other hand, for the 30° 
case shown in Fig. 15b, there is no separation except in the region 
corresponding to the location of the occlusion. Since recirculating regions or 
regions of low shear stress are often associated with thrombus or clot 
formation, the smaller angle would be beneficial in preventing occlusion of the 
shunt. 

Experiments with Various Bypass Conduit Configurations 

As the simulation of coronary blood flow using the lumped parameter 
model indicates, to optimize total coronary artery flow for certain levels of 
partially occluded arteries, it is preferable to implant a bypass conduit having 
an asymmetrical flow resistance. That is, the preferred bypass conduit in 
these cases of stenosed arteries will have a greater resistance to diastolic 
flow through the conduit from the coronary artery to the left ventricle than to 
systolic flow through the conduit from the left ventricle to the coronary artery. 
It is desirable, according to an aspect of the invention, that the bypass 
conduits having such asymmetrical flow resistances do not require the use of 
valves and other mechanical flow control mechanisms. Rather, it is preferable 
to obtain such asymmetrical flow resistances through the use of passive flow 
control mechanisms such as the geometrical configuration of the conduit, the 
geometry of the implant of the conduit, and other like characteristics. 

To determine whether the geometries and design characteristics of 
various conduits could produce the desired asymmetrical flow resistances, a 
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series of experiments were conducted using various conduit flow path 
configurations and implant configurations. The experiments included testing 
the various conduit configurations shown in Fig. 16a-16c. The conduit 
configuration shown in Fig. 16a includes a smaller diameter opening in flow 
communication with the left ventricle and a larger diameter opening in flow 
communication with the coronary artery. Tests were conducted on a conduit 
according to the configuration Fig. 16a with smaller diameters of 0.040 in. and 
0.052 in. Both of these conduits had a larger diameter of 2 mm and a length 
of 2 cm. Both the 0.040 in. and 0.052 in. smaller diameter conduits of Fig. 
1 6a taper inward slightly from the left ventricle with a radius of curvature R at 
the inwardly tapered portion of .010 inches. After tapering inward slightly, the 
conduits then taper outward at an angle a3 of 4°, as measured with respect to 
the longitudinal axis of the conduit, to the larger diameter end of the conduits. 
The conduit configuration shown in Fig. 16b has a constant inner diameter of 
2 mm and a length of 2 cm. The conduit configuration shown in Fig. 16c has 
a larger diameter opening in flow communication with the left ventricle 
tapering to a smaller diameter opening in flow communication with the 
coronary artery. The larger opening has an inner diameter of 6 mm, the 
smaller opening has an inner diameter of 2 mm, and the length of the conduit 
is 2 cm. 

The total resistance of a given bypass conduit implanted between the 
left ventricle and coronary artery results from the sum of three component 
resistances. The first resistance corresponds to the resistance occurring in 
the transition zone of the flow path between the ventricle and the lumen of the 
conduit. The second resistance corresponds to resistance to flow of the 
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lumen itself. The third resistance corresponds to the resistance to flow 
occurring at the transition between the lumen flow path and the coronary 
artery. Thus, aside from varying the configuration of the lumen of the conduit, 
varying the configurations of the various transition zones between the conduit 
and the left ventricle and the conduit and the coronary artery may influence 
the backward and forward resistances of the conduit. 

Figs. 17a-17c show three different test setups used in the experiments 
resulting in various transition zone configurations. Fig. 17a shows a test 
setup used to simulate a right angle junction between the artery, represented 
by the flow path CA in the figure, and the conduit flow path C (designated "90 
deg entry" in the results shown in Figs. 18a-18c and 19). Fig. 17b shows a 
test setup used to simulate a 30 degree junction between the artery CA and 
the conduit flow path C (designated "30 deg entry" in the results shown in 
Figs. 18a-18c and 19). Fig. 17c shows an idealized test setup which has no 
junction at all (designated "stent only" in the results shown in Figs. 18a-18c 
and 19). Each of the various transition zone configurations shown in Figs. 
17a-17c were not necessarily tested with each of the conduit configurations 
shown in Figs. 16a-16c. 

In each experiment, the conduit flow paths were machined into a 
polycarbonate block. For the 90 degree and 30 degree entry setups, the 
conduit flow path to be tested was connected between two reservoirs, R1 and 
R2, as shown in Figs. 17a and 17b, respectively. A section of silicone rubber 
tubing T was used to make one of the connections and a clamp CP was 
placed on the tubing to respectively permit and prevent or hinder flow through 
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the conduit flow path. A plug P was placed in the coronary artery upstream of 
the junction between the conduit and the artery. Initially, one of the reservoirs 
was filled with enough water to prime the flow path and the other was filled 
with enough water to achieve the desired initial pressure across the flow path. 
Initial water levels in each reservoir were recorded. For each of the test 
setups the pressure at the inlet of the conduit was calculated as LP = pgh. 
The silicone rubber tubing T was then undamped and a timer was started. 
Between 20 and 100 mis of water was allowed to flow through the stent. After 
this water flowed through the stent flow path, the tube T was clamped and the 
time stopped and final water levels in each reservoir were recorded. This 
process was repeated until the water levels in each reservoir were close 
enough to one another that the resultant flow was 20 ml/min or less. Data 
was entered into a spreadsheet and flow rates and average pressure 
differentials for each data point were calculated. 

Results of the experiments are shown in Figs. 18a-18c and 19. Figs. 
1 8a-1 8c show plots of pairs of lines corresponding to forward and backward, 
or reverse, flow versus pressure for a specific conduit flow path configuration 
or artery junction setup. Thus, in Fig. 18a, the results of the experiment 
obtained using a conduit flow path configuration as shown in Fig. 16a are 
shown. In this graph, conduit flow path geometry for the 90 degree entry 
setup (Fig. 17a) and the conduit only setup (Fig. 17c) included a smaller 
opening inner diameter of 0.052 in., whereas for the 30 degree entry setup 
(Fig. 17b) the smaller opening inner diameter was 0.040 in. The 0.052 in. 
inner diameter was necessary due to fabrication requirements of those 
configurations. The smaller inner diameter for the 30 degree entry case 
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results in a greater overall resistance. As shown in Fig. 18a, in each case, the 
resulting forward or "to artery" flow is greater than the reverse or "to ventricle" 
flow for a given pressure. If all of the conduit flow path configurations used to 
obtain the results in Fig. 1 8a were the same, curves for the 30 degree entry 
case would be expected to lie between the conduit only and the 90 degree 
entry case. These results show that, while the degree of asymmetry is 
relatively small, tapered conduits can be designed with asymmetric flow 
resistance, and that the more favorable configurations are those that have a 
relatively small diameter on the ventricular side compared to that on the end 
attached to the coronary artery. Rounding at the ends of the conduit, 
especially at the ventricular end, help to reduce the pressure drop during 
forward flow, as does a smooth entry into the coronary artery. The trade-off is 
that the tapered shunts with asymmetric resistance might also have a higher 
mean flow resistance. The analysis helps to take all these factors into 
account to determine the optimal configuration for a given situation. 

Similar results as those in Fig. 18a are shown in Figs. 18b and 18c for 
— -theeonduit-flow-patheonfigurations-eoiTOsponding-respeGtively-to-Figs. 16b 
and 16c. The results of the so-called "funnel configuration" shown in Fig. 16c 
are plotted in Fig. 18c. As shown in this figure, this conduit flow path 
configuration resulted in the lowest overall mean resistance. Additionally, the 
flow rate through the conduit remained approximately the same for both 
directions, that is, toward the ventricle and toward the artery. An experiment 
with the funnel configuration for a 30 degree entry was not performed due to 
the relatively symmetric resistances resulting with the 90 degree entry and 
conduit only setups. Thus, Fig. 18c only contains two pairs of plotted lines. 
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Fig. 1 8b shows the flow versus pressure results for the conduit flow 
path configuration of Fig. 16b. This conduit configuration is in the form of an 
essentially straight tube having a constant 2 mm inner diameter. Experiments 
using this conduit flow path configuration were only performed for the 30 
degree and 90 degree setups. As can be seen from the graphs of flow versus 
pressure in Fig. 18b, when the straight tube enters the artery at a 30 degree 
angle to the direction of blood flow in the artery, a noticeable difference in flow 
rate between the forward (i.e., to artery) and backward (i.e., to ventricle) flow 
directions results. Although the difference is not as pronounced as in the flow 
path configuration of Fig. 16a, it is measurable. Furthermore, the overall flow 
resistance of the simple tube configuration is lower than that of the 
configuration of Fig. 16a. For the 90 degree setup, the simple tube flow path 
configuration of Fig. 16b resulted in little difference in flow rate between the 
forward and backward flow directions. This small asymmetry in resistance is 
likely associated with the turbulence formed by the jet of blood entering the 
ventricle, leading to asymmetry in the resistance to flow. 

— —The computer simulated parametric flow studies discussed above 
characterized the simulated conduit models in terms of flow resistance ratios, 
in addition to the overall conduit resistance. More specifically, the flow 
resistance ratio is the ratio of the resistance to backward flow from the 
coronary artery to the left ventricle during diastole to the resistance to forward 
flow from the left ventricle to the coronary artery during systole. From the 
computer studies, it was determined that a large resistance ratio produces the 
greatest distal coronary artery flow rate for any level of stenosis or for total 
occlusion of the artery. However, when the coronary artery is partially 
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occluded to a level such that the stenotic resistance is 45 PRU, the 
asymmetric resistance can make the difference between a bypass conduit 
that may not benefit the patient and one that would. A bypass conduit having 
a resistance ratio of at least approximately 2 can thus be expected to result in 
a relatively good perfusion of the heart tissue. 

Using the graphs in Figs. 18a-18c ( rough calculations of the 
experimentally measured resistance ratios can be made. Since the flow vs. 
pressure curves are slightly non-linear, the ratio is a relatively weak function 
of flow rate. For consistency, resistance ratios are calculated at 100 ml/min 
and 200 ml/min for each set of experimental results contained in Figs. 18a- 
18c. These flow rates are chosen since they represent rough approximations 
to the average and peak arterial flow rates. The results of the resistance ratio 
calculations are found in tabulated from in Fig. 19. It should be noted that for 
the 30 degree entry case of the conduit flow path configuration of Fig. 16a, a 
flow rate of 200 ml/min was slightly beyond the upper end of what could be 
achieved with the experimental set up and the relatively high flow resistance 
— of-the conduit with a 0.040-in^smalleFepening-inner^iameter—Thereforerthe 
resistance ratio was calculated at a flow rate of 150 ml/min instead. In 
reviewing the tabulated results shown in Fig. 19, the highest calculated 
resistance ratio was 1 .6, which corresponded to the conduit configuration of 
Fig. 16a and the conduit only configuration. As mentioned above, however, 
this setup is an idealized situation and one that cannot be achieved when the 
conduit is implanted into the heart, as there will be a junction between the 
conduit and the coronary artery. However, this configuration achieved the 
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highest resistance ratio of those configurations tested and this resistance ratio 
approached the desired value of 2 and thus is a promising result. 

The tabulated results of Fig. 1 9 also show that resistance ratios of 1 .2 
and 1 .3 were obtained for the flow path configurations of Fig. 1 6a with a 90 
degree entry setup and a 30 degree entry setup, respectively. For the simple 
tube configuration (i.e., "Constant I.D."), the tabulated results show that for the 
30 degree entry setup, resistance ratios of up to almost 1 .4 can be obtained. 
Overall, the experiments show that a measurable difference in flow resistance 
as a function of direction of flow in the conduit can be obtained without the 
need of a check valve or the like. Rather, the conduit can be designed and 
implanted such that a passive flow control is achieved by varying 
characteristics such as, for example, the degree of taper of the conduit, the 
diameters of the ventricle and artery openings, and the geometry of the 
implantation of the conduit in the heart wall between the left ventricle and 
coronary artery. The experimental results also seem to indicate that, in 
general, higher resistance ratios may come at the expense of higher overall 
flow resistances^This should be eonsidered-when-choosing a^onduit design. 

Further experiments were performed to examine the effects of different 
stent (or conduit) resistances on actual coronary blood flow. The conditions 
and results of these experiments are shown in Fig. 27. A choke device having 
a higher reverse flow resistance (i.e., diastolic flow resistance) than forward 
flow resistance (i.e., systolic flow resistance) was tested with the coronary 
artery pressure similar to the left ventricle pressure, i.e., high in systole and 
low in diastole. Using this choke device, coronary blood flow was almost 
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equal to flow under baseline conditions (39.97 ml/min versus 43.49 ml/min). 
Using a conduit having a mild symmetric resistance, total coronary blood flow 
decreased to 27.71 ml/min. However, negative diastolic flow was almost 
zero. These results also confirm that mean coronary blood flow can be 
significantly increased through the use of an asymmetric conduit. 

Conduit Configurations for Passive Flow Control 

As has been discussed above, one of the advantages of certain 
embodiments of the conduits of the present invention is that they can be 
designed to passively optimize fluid or blood flow through them. That is, the 
design or configuration of a conduit may be such that it passively achieves 
flow control without microvalves, check valves, or other active or movable 
devices that stop flow through the conduit, either partially or completely, 
during at least a portion of the cardiac cycle. Such passive flow control can 
be designed into the geometry, configuration or features of a conduit so that it 

biases flow in one directi on or the other. Thus , flow within and/or completely 

through the conduit may occur in either direction (whether simultaneously or 
severally), but net flow in the desired direction can be maximized by 
maximizing flow in that direction and/or minimizing flow in the opposite 
direction. Such passive flow control mechanisms may comprise, for example, 
tapers in the lumen or a changing inner diameter of the conduit, tapers and/or 
radii of curvature at the openings of the conduit, the angle of insertion of the 
conduit with respect to the axis of the coronary artery (or direction of blood 
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flow in the artery), and other similar conduit design characteristics or 
implantation characteristics. 

As discussed above, in one preferred embodiment, flow control is 
achieved by maximizing flow through the conduit in one direction (preferably 
from the left ventricle to the coronary artery), but minimizing flow through the 
conduit in the opposite direction. In other words, in one embodiment, it is 
advantageous to have a low conduit resistance in the forward direction (from 
the left ventricle to the coronary artery), but a higher resistance in the opposite 
direction. In that sense, the conduit acts as a type of choke device having a 
higher reversed flow resistance or diastolic resistance than the forward flow or 
systolic resistance. 

Referring to Fig. 20, a schematic, cross-sectional view a conduit 2000, 
designed to achieve flow optimization under certain circumstances, and which 
has an asymmetrical flow resistance, is shown. In this case, the conduit 
2000, implanted in the heart wall HW, generally is curved with a varying wall 
thickness, and has a proximal end 2004 configured to extend into the left 
ventricle LV. A distal end 2008 curves so that its exit is approximately 
transverse to the direction of flow in the distal portion of the coronary artery 
CA. In this context, the term "distal" is used with respect to direction of 
desired flow and represents a location downstream from a given point in the 
flow path. It will be observed that the proximal portion of the conduit 2000 
shown in Fig. 20 preferably extends into the left ventricle LV to take into 
consideration the changing wall thickness of the myocardium. Thus, the 
proximal portion of the conduit 2000 may extend into the ventricle LV roughly 
5%-30% to accommodate for such changing wall thicknesses. During systole, 
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the myocardium HW contracts, thus increasing the thickness of the 
myocardium. The conduit 2000 of Fig. 20 is designed to accommodate such 
a thickening such that its entrance 2012 will be approximately flush with the 
internal surface of the myocardium HW during systole. 

Also, the proximal end 2004 of the conduit 2000 at the entrance 2012 
is shaped so as to have a high radius of curvature, which is approximately Vz 
of the difference between the diameter at the exit 2016 and the diameter of 
the conduit 2000 at the entrance 2012, i.e. ROC = (D2-DO/2, as shown in Fig. 
20. This curvature tends to reduce flow losses (or in other words, decreases 
resistance to flow) at the entrance 201 2 as flow enters from the ventricle, 
thereby maximizing flow through the conduit during systole. At the same time, 
the decreased diameter at the entrance 2012 increases the resistance to 
reverse diastolic flow at that location by producing a high speed turbulent jet 
that dissipates energy on entry into the ventricular chamber, thus tending to 
decrease negative flow through the conduit 2000 or flow from the coronary 
artery CA back into the ventricle LV. Thus, the proximal portion of the conduit 
2000 is designed so as to achieve an abrupt expansion resulting in large exit 
losses and consequently high resistance to diastolic flow. In addition, the wall 
thickness of the conduit 2000 varies by a taper (9) of approximately 4°, thus 
producing the differences in entrance and exit diameters. This degree of 
taper tends to minimize losses in a gradual conical expansion region. 

At the distal end 2008, on the other hand, flow losses are minimized, 
so as to minimize flow resistance. Such exit losses are essentially zero 
because the exit diameter of the conduit 2000 approximates or matches the 
diameter of the coronary artery CA. Moreover, during diastolic flow, there will 
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be losses at the exit of the conduit 2000, thus increasing the resistance to 
such negative flow. The curved configuration of the distal end 2008 of the 
conduit 2000 also minimizes flow loss during diastole resulting from proximal 
flow through a partial occlusion. In other words, the distal end 2008 of the 
conduit 2000 can be constructed so as to allow a proximal flow passing a 
partial occlusion and contributing to the flow through the conduit 2000 to 
produce an advantageous total coronary flow rate. Examples of such distal 
end configurations that allow a proximal flow passing a partial occlusion to 
contribute to the flow through the conduit are described in PCT/US99/20484, 
filed September 10, 1999 and published March 23, 2000 as WO 00/15146, 
the disclosure of which is incorporated by reference herein. Such distal 
designs for the conduit 2000 are described elsewhere herein and are 
compatible with the conduit of Fig. 20. Moreover, the conduit 2000 can be 
constructed from a rigid or flexible material, it may be a solid wall or lattice 
structure (e.g., stent-like) as described below. 

Thus, the conduit 2000 of Fig. 20 is designed so as to optimize total 
flow rate by designing a certain flow resistance through the conduit 2000 in 
accordance with the conditions indicated by the patient. In the case of conduit 
2000, this design is preferred at least when patient indications are total or 
near total proximal coronary artery occlusion. 

Fig. 21 illustrates a similar embodiment to the conduit of Fig. 20., the 
conduit 2100 in Fig. 21 having a distal end 2108 that does not extend into the 
coronary artery CA. For the embodiment of the conduit in Fig. 21 , the radius 
of curvature at the entrance 2108 is approximately 14 of the difference 
between the diameter D 2 of the coronary artery CA and the diameter of the 



WO 01/017456 ' PCT/US00/24799 

conduit 2100 at the entrance 21 12. The advantage in this design is that it 
does not obstruct flow coming from the partially obstructed artery upstream of 
the conduit. 

Fig. 22 illustrates another embodiment in which a conduit 2200, like the 
conduits described in Figs. 20 and 21 above, has a proximal end 2212 with a 
lumen diameter smaller than that at the distal end 2216. In this embodiment, 
the conduit preferably has a substantially constant wall thickness such that 
the outer wall and inner wall diameter of the conduit taper in size, preferably in 
a linear fashion, from the distal end 2216 to the proximal end 2212. The 
conduit 2200 is provided at an angle in the heart wall to bias blood flow in a 
downstream direction into the coronary artery CA. More particularly, the 
conduit is positioned such that its longitudinal axis is at an angle a1 to the 
perpendicular of the heart wall in the left ventricle, and at an angle a2 to the 
axis of blood flow in the coronary artery. Angle a2 preferably is an acute 
angle to bias the blood flow downstream. For example, in one preferred 
embodiment, the angle a2 may be about 30° to bias blood flow downstream. 

Fig. 23 illustrates another embodiment in which at least a portion of the 
conduit and/or the lumen therein is tapered and angled to bias blood flow. 
Proximal end 2312 of tapered conduit 2300 is further provided with flanges, or 
bumps, 2302 that extend outward into the ventricle and over the heart wall 
HW to secure the conduit 2300 to the heart wall. The distal end 2316 is flared 
such that the end 2306 of the conduit is somewhat rounded and opens 
nonlinearly outward, and the lumen increases in diameter toward the distal 
end 2306. In the embodiment shown, the end 2306 does not extend into the 
coronary artery, although it will be appreciated that in this and other 
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embodiments, such extensions are contemplated. Fig. 24 illustrates another 
embodiment in which the lumen, after increasing linearly in diameter from the 
proximal end 2302\ maintains a constant diameter or even decreases slightly 
in diameter near the distal end 2306', while simultaneously curving the blood 
flow path to bias blood flow downstream into the artery. 

Fig. 25 illustrates a further embodiment in which a conduit 2500, such 
as the conduit 2000 shown in Fig. 20, is disposed in the heart wall at an angle 
to bias blood flow downstream into the coronary artery CA. The conduit 2500 
may have a distal end 2508 that extends into the coronary artery CA, as 
described above. Alternatively, the distal end 2608 can be substantially 
coextensive with the heart wall, such as the conduit 2600 shown in Fig. 26. 

Fig. 16a, described above with reference to the "Experiments with 
Various Bypass Conduit Configurations" section, illustrates a conduit 1600 
having a proximal end 1602 and a distal end 1604 and a lumen 1606 defined 
by an inner wall 1608 extending therethrough. The lumen 1606 is designed 
such that the opening at the proximal end 1602 into the heart chamber or left 
ventricle LV has a smaller diameter than the opening at the distal end 1604. 
In one embodiment, the proximal opening has a throat, or inner, diameter of 
0.040 inches (1 .016mm) or 0.052 inches (1 .3208 mm), and the distal opening 
has a diameter of about 2 mm. In the embodiment shown, the length of the 
lumen 1606 between the proximal end and the distal end is about 2 cm. As 
illustrated, the lumen 1606 preferably tapers and decreases in diameter away 
from the proximal end 1602. This decrease in lumen diameter is preferably 
determined by the inner wall 1608 curving concave inward toward the central 
axis X of the lumen. As illustrated in Fig. 16a, this curvature can be defined 
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by the radius of curvature R, which in one embodiment, is about 0.010 inches 
(0.254 mm). 

After the decrease in diameter away from the proximal end 1602, the 
lumen diameter preferably increases toward the distal end 1604. More 
preferably, the lumen diameter increases linearly toward the distal end 1604. 
As illustrated in Fig. 16a, the increase in diameter is determined by an angle 
a3 relative to the central axis X of the conduit. In one embodiment, the angle 
a3 is about 4 degrees. 

Although the conduit illustrated in Fig. 16a is shown with a constant 
wall thickness, it will be appreciated that other conduits having the same or 
similar inner lumen dimensions are contemplated having other outer wall 
configurations. For example, the outer wall may have a constant diameter 
over part or the entire length of the conduit, such as in the embodiments 
described above. It will also be appreciated that although the proximal end 
1602 is shown as being approximately flush with the heart wall in the left 
ventricle, the conduit may extend into the ventricle as described in the 
embodiments above. Furthermore, the conduit 1600 is shown in Fig. 16a as 
being positioned in the heart wall at an angle a4 of about 90 degrees relative 
to the axis of coronary artery flow. It will be appreciated that the angle a4 may 
be varied as discussed above to bias blood flow downstream away from the 
blockage BL. 

In the conduit designs of the preferred embodiments, a geometry giving 
a resistance ratio of ventricle to artery flow of approximately 2 is preferred, as 
was determined from the lumped parameter model parametric studies. In 
general, the preferred conduit design makes it harder for fluid to flow toward 
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the ventricle as it is to flow toward the artery. As the experiment results have 
shown, a conduit of essentially the design of Fig. 16a with a throat diameter of 
about 0.052 inches at a 90 degree angle of entry a4 to the axis of the 
coronary artery achieves a flow resistance ratio of approximately 1 .2. The 
same design having a 0.040 inch throat diameter at a 30 degree angle of 
entry a4 achieved a flow resistance ratio of approximately 1 .3. 
Experimentation has also shown that to maximize the flow ratio, higher overall 
resistance is desired. 

Moreover, a conduit having a constant inner lumen diameter with an 
angle of entry a4 of about 90 degrees achieved a flow resistance ratio of 
approximately 1 .2. The same conduit provided at an angle of entry a4 of 
about 30 degrees achieved a flow resistance ratio of approximately 1 .4. 
Thus, decreasing the angle of entry alone can achieve good flow biasing. 

Overall, a relatively small diameter at the ventricle will generate 
considerable turbulence as flow enters the ventricle. Associated with the 
turbulence is a large loss of energy coupled with a lack of pressure recovery, 
i.e., pressure at the entry point inside the shunt is approximately equal to 
ventricular pressure. A gradual taper from the ventricle to the artery is 
expected to minimize flow separation and turbulence inside the conduit, 
thereby minimizing the loss of energy and allowing for pressure recovery 
when flow passes in the forward direction. The taper also leads to high wall 
shear stresses on back flow and low shear stresses on forward flow, again 
producing a favorable resistance ratio. Matching the diameters of the conduit 
and the artery at the artery side of the conduit, and reducing the angle 
between them also minimizes energy and pressure drops corresponding to 
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forward flow. Using typical estimates of pressure losses associated with the 
taper, which can be obtained from standard fluid dynamic textbooks (e.g., 
Fluid Mechanics, Frank M. White, WCB/McGraw Hill, 1999, pp. 370-374) 
indicates that resistance ratios of about 2 are possible to achieve for bypass 
conduits in accordance with the present invention. However, such textbook 
values typically are obtained for conditions in which the flow rates, or 
Reynold's numbers, are considerably higher and therefore do not correspond 
directly to the predictions of the current computer simulations or the actual 
experimental results obtained. This also demonstrates the usefulness of finite 
element calculations to model the flow through the conduit. 

It will be understood that this disclosure, in many respects, is only 
illustrative. Changes may be made in details, particularly in matters of shape, 
size, material, number and arrangement without exceeding the scope of the 
invention. For example, the degree of taper, angle of implantation, diameters 
of left ventricular and arterial openings, wall thickness, and other similar 
characteristics of the conduits may be modified depending on such factors as 
the degree of occlusion of the artery being bypassed and the thickness of the 
heart wall, for example. Accordingly, the scope of the invention is as defined 
in the language of the appended claims. 

Other embodiments of the invention will be apparent to those skilled in 
the art from consideration of the specification and practice of the invention 
disclosed herein. It is intended that the specification and examples be 
considered as exemplary only, with a true scope and spirit of the invention 
being indicated by the following claims. 
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Appendix A: Detailed formulation of the 
coronary circulation analysis 



In this section, we present the detailed expressions of the computational procedure 
to simulate coronary circulation. The schematic diagram of the computational code is 
represented in Fig. 2. 



Variables: 
P 

q 

R 
C 
D 
V 



Pressure (unit : mmHg) 

Flow rate (unit : ml/sec) 

Resistance (unit : mmHg sec/ml = PRU) 

Compliance (unit : ml/mmHg) 

Diode or check valve 

Volume (ml) 



Subscripts: 




li 


Left ventricle inflow 


lv : 


Left ventricle 


lo 


Left ventricle outflow 


a : 


Systemic arteries 


st : 


Stenosis of coronary arteries 


by : 


Bypass connection from left ventricle 


sh : 


Shunt connection from left ventricle 


for: 


Shunt forward direction 


back : 


Shunt backward direction 


coa : 


Coronary arterioles 


coc : 


Coronary capillaries 


imp : 


Intra-myocardium 


cov : 


Coronary veins 


eca: 


Extarcoronary arterioles 


ecv : 


Extracoronary veins 


ra : 


Right atrium 


ri 


Right ventricle inflow 


rv 


Right ventricle 


ro 


Right ventricle outflow 


pa : 


Pulmonary arteries 


pv : 


Pulmonary veins 


th : 


Intrathoracic 



The coronary circulation consists of three compartments: the coronary arteries, 
the coronary capillaries and the coronary veins. The effects of myocardial muscle 
contraction or relaxation is produced by temporal variations in the bias pressure 
Pimp(t). The flow rates between the respective compartments are thus 



0 



otherwise 



a) 
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J(P lv 

lo 



otherwise 



v,, = {P a -P, t )'K 



{Rjh — Rf 0r if Pf V > P st 



'{P^ -Pcoc)IKoa ifPcoa>P» 



coa ^ *coc 

otherwise 



(2) 
(3) 
(4) 

(5) 



For the shunt resistance in Eq. 4, the resistance values of the shunt can be 
changed according to the direction of flow. The forward and backward resistances are 
shown in Fig. 2. In Eq. 5, the flow rate to capillaries may be either forward (i.e. q coa > 
0) or retrograde, depending on the sign of the pressure gradient. However, reverse 
flow ceases as the capillary volume approaches zero since nothing then remains to be 
squeezed out. Moreover, as the capillary vessels are compressed, their resistance 
increases and they will throttle the flow. Accordingly, for a negative pressure gradient 
Eq. 5 reduces backward flow to zero as the capillary volume approaches zero. For 
flow into the veins and right atrium, a similar approach can be applied, producing the 
following two equations. 



-■ (^oc ^ov) ■ if P 



> P 

coc ^ A cov 



otherwise 



(6) 



(^cov Pro) if p 



> P 
cov A ro 



otherwise 



<Ieca=(P a -PeJ'Kca 
9ecv =(Pecv " P ra)^ Kcv 



P n 

otherwise 



= UP n -PJ/R H ifP m > 

^" [ 0 otherw 

J^-PJIK ifP^P^ 
9 ™ ~ [ 0 otherwise 

IpMPpa-PJ'R,, 



(7) 

(8) 
(9) 

(10) 

(H) 
(12) 



The state form of the node equations can be written in terms of these flow rates. 
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(a) Conservation of mass at the left ventricular node yields: 

?« = (13) 

where q h = ^[C,& - ^)] = C,^ + ~ P„ 

(14) 



dP* _ g li -g la -{P l „-P a ,)dQ{t)ldt 
dt C,(0 



dP a _ q l0 -(q^+q^) 
dt Q 



dPcoc 

COG 

dt 
(20) 



where q'^co. 



dPcoa _ (.q, t +q,*)-qcoa 
dt C 



(15) 



(a) At the systemic arteries node : 

06) 

where q '° = C °^t 

(17) 



(18) 



(b) At the coronary artery node : 

=9»»+?L (19) 



(21) 



(c) At the coronary capillaries node : 

<lcoc=<lcoc+<l'coc (22) 

where ^-c j^"^ (23) 

. dP rnr _ q m - q rnr ( dP imB 
dt dt 

(24) 

Capillary volume can be obtained by the relation. 
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7»c = C c«(C-^) (25) 

(d) Mass conservation at the coronary veins node : 

Rcoc = ?cov + (J™ (26) 
dP 

where q'^ = C mv (27) 

^cov — tfcoc ?cov /v>o\ 

" dt ~ c (28) 

For the capillary veins, venous pressure is calculated from the pressure-volume 
relation: 

^=^0" (K -" C) (29) 

corresponding to a volume-dependent compliance, defined as the derivative of V CO v 
with respect to P cov : 

C cov (^) = -^ < v (l + ^fe-v-'^ (30). 

Here, , C^ v are the reference venous volume and compliance, respectively, and 
a is the slope of the change in compliance. 

(e) Mass conservation at the extra-coronary veins node : 

Veca = ?ccv + Q'ecv (31) 
lecv ^ecv 

(32) 



where q' ecv = C ecv 



dP m _ q eca - q m 
dt C,„ 



(33) 



(f) At the right atrium node : 

?cov + <7«v (34) 
dP„ 

(35) 



where =C„ ^ 
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(g) At the right ventricle node : 

By the same procedure with Eq. 15, we can get the equation for the right ventricle 
node. 

dt C r (0 



(h) At the pulmonary arteries node : 

(38) 

(i) At the pulmonary veins node : 
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Appendix B Parameter values 



Compartment 


Rn,(PRU) 


R,„,(PRU) 


C (ml/mmHg) 


Vo(ml) 


Sources 


Left heart 


0.01 (R„ v ) 


0.006 (Ri 0 ) 


0.4 ~ 10 


15 


Davis, 1991 


Systemic arteries 


0.006 (R* ac ) 




1,6 


715 


Davis, 1991 


Extra-coronary 


1.00 (R^v) 


0.05 (R^) 


2450 


Ursino, 1998 


Veins 






90 






Coronary arteries 


(variable) 


13.5 (Rcm) 






Schreiner, 


Coronary capillaries 


13.5 (R^) 


1.37 (Rcoc) 




0.0 


1989 


Coronary veins 


1.37 (R^.) 


0.6 (Rcov) 


0.4 


25 


Schreiner, 










1989 


Right atrium 




0.0025 (R„) 


0.25 (Variable) 


25 


Schreiner, 


Right heart 


0.0025 (R„) 


0.003 0C) 


31.0 


15 


1989 


Pulmonary arteries 


0.003 (RJ 


0.08 (R^) 


1.2-20 


90 




Pulmonary veins 


0.08 (R,) 


0.01 (Rp V ) 


4.3 


490 


Ursino, 1998 








8.4 




Davis, 1991 










Davis, 1991 
Davis, 1991 



Stenosis 

Bypass resistance 
Intramyocardium 
Pressure 

Total blood volume 
Reference coronary 
venous volume 
Reference coronary 
venous volume 



Resistance : Variable 
R by = 0.0001 
Pbnp(t)=0.75xP LV (t) 

V tot =5000ml 
Vl=25ml 



C° m = 0.25 ml/mmHg 
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WHAT IS CLAIMED IS : 

1 . A bypass conduit for implantation in a heart to bypass an at least 
partially occluded artery, comprising: 

a first end defining a first opening; 

a second end opposite the first end and defining a second opening; 

and 

a wall extending between the first and second ends defining a lumen 
extending between the first and second openings, wherein said ends and said 
wall are configured such that the conduit has a greater resistance to blood 
flow in a first direction than in a second direction. 

2. The bypass conduit of claim 1 , wherein the conduit is configured to be 
implanted in a heart wall with the first opening configured to be in flow 
communication with the left ventricle and the second opening configured to be 
in flow communication with the artery at a location downstream from the 
occlusion. 

3. The bypass conduit of claim 2, wherein the ratio of the resistance to 
blood flow through the conduit from the artery to the left ventricle to a 
resistance to blood flow through the conduit from the left ventricle to the artery 
is greater than approximately 1.1. 

4. The bypass conduit of claim 2, wherein a ratio of a resistance to blood 
flow conduit from the artery to the left ventricle to a resistance to blood flow 
through the conduit from the left ventricle to the artery is approximately 2. 
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5. The bypass conduit of claim 1 , wherein the artery has a resistance to 
blood flow of at least approximately 45 mmHg sec/ml to approximately 76 
mmHg sec/ml at a location of an occlusion. 

6. A method of bypassing an at least partially occluded artery, comprising: 

determining a resistance to blood flow of the artery at a location of an 

i 

at least partial occlusion; 

selecting a conduit having a configuration based on the resistance to 
blood flow of the artery at the location of the at least partial occlusion; and 

implanting the conduit in a heart wall between a heart chamber and the 
artery downstream of the at least partial occlusion to directly flow blood 
between the chamber and the artery. 

7. The method of claim 6, wherein the selecting includes selecting a 
conduit having a higher resistance to blood flow in a direction from the artery 
to the chamber than in a direction from the chamber to the artery when the 
resistance to blood flow of the artery at the location of the at least partial 
occlusion ranges from approximately 45 mmHg sec/ml to 76 mmHg sec/ml. 

8. A bypass conduit for implantation in a heart to bypass an at least 
partially occluded artery, comprising: 

a first end defining a first opening; 

a second end opposite the first end defining a second opening; and 
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a wall extending between the first and second ends defining a lumen 
extending between the first and second openings, wherein said conduit is 
configured to have a greater resistance to blood flow in a first direction than in 
a second direction without any active flow control mechanism. 
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